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E-mail address: bms@lsr.nei.nih.gov (B.M. Sheliga)Ocular following responses (OFRs) are the initial tracking eye movements that can be elicited at ultra-
short latency by sudden motion of a textured pattern. A recent study used motion stimuli consisting of
two large coextensive sine-wave gratings with the same orientation but different spatial frequency
and moving in 1=4-wavelength steps in the same or opposite directions: when the two gratings differed
in contrast by more than about an octave then the one with the higher contrast completely dominated
the OFR and the one with lower contrast lost its inﬂuence as though suppressed [Sheliga, B. M., Kodaka,
Y., FitzGibbon, E. J., & Miles, F. A. (2006). Human ocular following initiated by competing image motions:
Evidence for a winner-take-all mechanism. Vision Research, 46, 2041–2060]. This winner-take-all (WTA)
outcome was attributed to nonlinear interactions in the form of mutual inhibition between the mecha-
nisms sensing the competing motions. In the present study, we recorded the initial horizontal OFRs to the
horizontal motion of two vertical sine-wave gratings that differed in spatial frequency and were each
conﬁned to horizontal strips that extended the full width of our display (45) but were only 1–2 high.
The two gratings could be coextensive or separated by a vertical gap of up to 8, and each underwent
motion consisting of successive 1=4-wavelength steps. Initial OFRs showed strong dependence on the rel-
ative contrasts of the competing gratings and when these were coextensive this dependence was always
highly nonlinear (WTA), regardless of whether the two gratings moved in the same or opposite direction.
When the two gratings moved in opposite directions the nonlinear interactions were purely local: with a
vertical gap of 1 or more between the gratings OFRs approximated the linear sum of the responses to
each grating alone. On the other hand, when the two gratings moved in the same direction the nonlinear
interactions were more global: even with a gap of 8—the largest separation tried—OFRs were still sub-
stantially less than predicted by the linear sum. When the motions were in the same direction, we pos-
tulate two nonlinear interactions: local mutual inhibition (resulting in WTA) and global divisive
inhibition (resulting in normalization). Motion stimuli whose responses were totally suppressed by coex-
tensive opponent motion of higher contrast were rendered invisible to normalization, suggesting that the
local interactions responsible for the WTA behavior here occur at an earlier stage of neural processing
than the global interactions responsible for normalization.
Published by Elsevier Ltd.1. Introduction
Ocular following responses (OFRs) are the initial tracking eye
movements that are elicited at ultra-short latency by sudden mo-
tion of a textured pattern: for review, see Miles (1998). Recent
ﬁndings indicate that the very earliest OFRs are mediated by mo-
tion detectors that are sensitive to 1st-order motion energy, as in
the well-known energy model of motion analysis (Adelson &
Bergen, 1985; van Santen & Sperling, 1985; Watson & Ahumada,
1985). Thus, OFRs show clear reversal with ‘‘1st-order reverse-
phi motion”, one of the hallmarks of an energy-based mechanismLtd.
.(Masson, Yang, & Miles, 2002), and are very sensitive to the Fourier
composition of the luminance modulations in the motion stimulus
(Sheliga, Chen, FitzGibbon, & Miles, 2005). One of the visual stimuli
in this last study consisted of 1-D square-wave gratings lacking the
fundamental—referred to as the missing fundamental (mf) stimu-
lus—and motion was applied in discrete 1=4-wavelength steps. The
OFRs associated with this apparent-motion stimulus were always
reversed, e.g., rightward steps resulted in leftward OFRs. The expla-
nation advanced for the reversed direction of the OFR was that the
underlying motion detectors do not sense the motion of the raw
images (or their features) but rather a spatially ﬁltered version of
the images, so that the OFR depends critically on the Fourier com-
position of the spatial stimulus. In the frequency domain, a pure
square wave is composed entirely of the odd harmonics (1st, 3rd,
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the amplitude of the ith harmonic is proportional to 1/i. Accord-
ingly, the mf stimulus lacks the 1st harmonic and so is composed
entirely of the higher odd harmonics, with the 3rd having the low-
est spatial frequency and the largest amplitude. This means that
when the mf stimulus shifts 1=4 of its (fundamental) wavelength,
the largest Fourier component, the 3rd harmonic, shifts 3=4 of its
wavelength in the same (forward) direction. However, a 3=4-wave-
length forward shift of a sine wave is exactly equivalent to a
1=4-wavelength backward shift and, because the brain gives greatest
weight to the nearest image matches (spatial aliasing), the OFRs
are in the backward direction. In fact, when 1=4-wavelength steps
are applied to the mf stimulus, all of the 4n  1 harmonics (where
n is an integer), such as the 3rd, 7th, 11th, etc., will shift 1=4 of their
wavelength in the backward direction whereas all of the 4n + 1
harmonics, such as the 5th, 9th, 13th, etc., will shift 1=4 of their
wavelength in the forward direction. The magnitude and contrast
dependence of the initial OFRs elicited by themf stimulus generally
approximated those of the OFRs elicited when the same steps were
applied to a pure sine wave whose spatial frequency and contrast
matched those of the 3rd harmonic, consistent with the idea that
the observed responses depended mostly on this single most
prominent harmonic (Sheliga et al., 2005). Selectively altering the
contrast of that 3rd harmonic of the mf stimulus indicated that
its dominance resulted in part from nonlinear interactions be-
tween the neural mechanisms responding to the different
harmonics.
Subsequent studies indicated that when themf stimulus was re-
duced to just two competing harmonics, the 3rd and 5th, which
shifted in opposite directions (termed ‘‘the 3f5f stimulus”), the ini-
tial OFRs showed a nonlinear dependence on the relative contrast
of those two sine waves (Sheliga, Kodaka, FitzGibbon, & Miles,
2006b). Thus, when the two sine waves differed in contrast by
more than about an octave then the one with the higher contrast
completely dominated the OFRs and the one with lower contrast
lost its inﬂuence as though suppressed: winner-take-all (WTA).
Further, when themf stimulus was reduced to the 3rd and 7th har-
monics, which shifted in the same direction (termed ‘‘the 3f7f stim-
ulus”), the initial OFRs again showed strong dependence on the
relative contrast of those harmonics and clear WTA behavior. These
nonlinear interactions were attributed to mutual inhibition be-
tween the neural channels responding to the motions of the two
sine waves.
The current study examined the spatial extent of these nonlin-
ear interactions by determining the effect of spatially separating
the competing motion stimuli. At ﬁrst, it was not clear how to
achieve this separation because it was generally assumed that
the OFR required large-ﬁeld stimuli (e.g., Barthelemy, Vanzetta, &
Masson, 2006). However, a recent study had indicated that it was
possible to elicit robust OFRs at short latencies (<80 ms) by apply-
ing (horizontal) motion to a 1-D (vertical) sine-wave grating that
occupied a horizontal strip only 1 or 2 high (Sheliga, FitzGibbon,
& Miles, 2008). In the present study, we report that when two over-
lapping gratings with competing motions were restricted to a nar-
row strip the associated OFRs still showed clear WTA behavior
when their contrasts differed by more than an octave whether they
moved in the opposite direction (the 3f5f stimulus) or the same
direction (the 3f7f stimulus). When the two gratings moved in
opposite directions (Experiment 1) the nonlinear interactions were
very local, being eliminated when the two gratings were separated
by a vertical gap of only 1 so that OFRs now approximated the
sum of the responses to each grating alone. However, when the
two gratings moved in the same direction (Experiment 2) more
global nonlinear interactions were also evident: even with a gap
of 8—the largest separation tried—OFRs were still substantially
less than predicted by the linear sum. In this latter case, we postu-late the existence of two nonlinear interactions: local mutual inhi-
bition (resulting in WTA effects) and more global divisive
inhibition (resulting in normalization effects). We also report that
motion inputs whose inﬂuence had been suppressed by local oppo-
nent motion were excluded from global normalization (Experi-
ment 3), indicating that the local interactions responsible for the
WTA here occur at an earlier level than the global interactions
responsible for normalization.2. Experiment 1: The initial OFRs to two gratings that move in
opposite directions and the effects of separating them
In this ﬁrst series of experiments we used two 1-D vertical grat-
ing patterns whose horizontal luminance modulations were sinu-
soidal with spatial frequencies in the ratio, 3:5. Each grating
pattern occupied one or more horizontal strips that each extended
the full width of our display but was only a degree or two high. We
recorded the initial OFRs that were elicited when the two grating
patterns were subjected to horizontal apparent motion consisting
of successive 1=4-wavelength steps of opposite sign so that one grat-
ing moved rightwards while the other moved leftwards. There
were two variables: the relative contrast and the vertical separation
of the two gratings. By varying the relative contrast we sought to
uncover any nonlinear interactions between the neural mecha-
nisms responding to the motions of the two gratings, and by vary-
ing the physical separation we sought to determine the lateral
(speciﬁcally, the vertical) extent of any such interactions. Several
Conﬁgurations of bands were used but the outcome was always
the same: the dependence of the initial OFR on the relative contrast
of the two competing gratings was highly nonlinear when the grat-
ings were superimposed—showing WTA—but approximated a lin-
ear sum when the gratings were separated by a gap of 1 or
more. Thus, the nonlinear interactions were very local and largely
conﬁned to the regions directly stimulated by the gratings.
2.1. Methods
Most of the techniques were very similar to those used previ-
ously in our laboratory (Sheliga, Chen, FitzGibbon, & Miles,
2006a; Sheliga et al., 2005, 2006b) and, therefore, will only be
described in brief here. Experimental protocols were approved by
the Institutional Review Committee concerned with the use of
human subjects.
2.1.1. Subjects
Three subjects participated: two were authors (FAM, BMS) and
the third was a volunteer who was unaware of the purpose of the
experiments (JKM). All had normal or corrected-to-normal vision.
Viewing was binocular for FAM and BMS, and monocular for JKM
(right eye viewing).
2.1.2. Visual display and the grating stimuli
The subjects sat in a dark room with their heads positioned by
means of adjustable rests (for the forehead and chin) and secured
in place with a head band. Visual stimuli were presented on a com-
puter monitor (Silicon Graphics CPD G520K 2100 CRT driven by a PC
Radeon 9800 Pro video card) located straight ahead at 45.7 cm
from the corneal vertex. The monitor screen was 385 mm wide
and 241 mm high, with a resolution of 1920  1200 pixels (40 pix-
els/, directly ahead of the eyes), a vertical refresh rate of 100 Hz,
and a mean luminance of 38.72 cd/m2. The RGB signals from the vi-
deo card provided the inputs to an attenuator (Pelli, 1997) whose
output was connected to the ‘‘green” input of a video signal splitter
(Black Box Corp., AC085A-R2); the three ‘‘green” video outputs of
the splitter were then connected to the RGB inputs of the monitor.
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images with 11-bit greyscale resolution. Initially, a luminance
look-up table with 64 equally-spaced luminance levels ranging
from 0 to 77.44 cd/m2 was created by direct luminance measure-
ments (Minolta) under software control. This table was then ex-
panded to 2048 equally-spaced levels by interpolation and
subsequently checked for linearity (typically, r2 > 0.99997).
The visual motion stimuli consisted of 1-D vertical gratings with
sinusoidal luminance proﬁles that each occupied one or more hor-
izontal strips extending the full width of the display and under-
went successive 1=4-wavelength shifts. The gratings had one of
two spatial frequencies in the ratio 3 to 5: 0.196 cycles/ (‘‘the 3f
stimulus grating”) and 0.327 cycles/ (‘‘the 5f stimulus grating”).
Note that the initial OFRs to successive 1=4-wavelength steps ap-
plied to pure sinusoids show a Gaussian dependence on log spatial
frequency (Sheliga et al., 2005), and these two particular spatial
frequencies were chosen because they were at symmetrical loca-
tions on either side of the peak of the Gaussian, resulting in roughly
equal efﬁcacy, i.e., they elicited equal OFRs when of equal contrast.
The 1=4-wavelength shifts occurred every frame (i.e., every 10 ms)
for a total of 20 frames (i.e., stimulus duration was 200 ms). It is
important to note that the magnitude and direction of the 1=4-wave-
length steps were actually deﬁned with respect to the fundamen-
tal, f, of the 3f5f stimulus pattern, regardless of the contrast and
separation of the two components. Thus, when the 1=4-wavelength
steps applied to the 3f5f pattern were rightward, for example, the
5f component underwent steps that were each 1=4 of its wavelength
and in the rightward (same, forward, positive) direction whereas
the 3f component underwent steps that were each 1=4 of its wave-
length and were in the leftward (opposite, backward, negative)
direction. The initial phase of a given grating was randomized from
trial to trial at intervals of 1=4-wavelength.
In a given experimental session, the horizontal strips could have
one of four Conﬁgurations: two spatial layouts (designated, A and
B), each with two (‘‘opposite”) arrangements of the 3f and 5f grat-
ings (designated, 1 and 2). In a given Conﬁguration, one of the com-
peting gratings always had ﬁxed vertical location(s) and a contrast
that varied from trial to trial (‘‘location ﬁxed, contrast various”)
whereas the other grating always had ﬁxed contrast with vertical
location(s) that varied from trial to trial (‘‘location various, contrast
ﬁxed”). In Conﬁguration A1, the 5f stimulus had the ﬁxed location
(a single horizontal strip 2 high at the screen center) and variable
contrast (4%, 6%, 12%, 24%, or 36%), while the 3f stimulus had the
ﬁxed contrast (12%, so that the Contrast Ratio, given by 3f/5f, could
be 1/3, 1/2, 1, 2, or 3) and variable location (two horizontal strips,
each 1 high, located symmetrically above and below the screen
center with a gap between them that could be 0, 1, 2, 4, 6, or
10 in any given trial): see Fig. 1A. This meant that the 3f and 5f
stimuli were separated by gaps of 1, 0.5, 0, 1, 2, or 4 (re-
ferred to as the ‘‘3f–5f gaps”). With 3f–5f gaps of 1, the two strips
of the 3f stimulus abutted the screen center forming a single strip
2 high that was coextensive with the 5f stimulus, creating a 3f5f
stimulus pattern with a beat frequency, f. With 3f–5f gaps of
0.5, the two strips of the 3f stimulus each half overlapped the
5f stimulus. With 3f–5f gaps of 0, the two strips of the 3f stimulus
each abutted the 5f stimulus, and so forth. In additional control tri-
als, the 3f and 5f stimuli each appeared alone with the same set of
contrast(s) and physical locations as when combined. In Conﬁgura-
tion A2, the spatial arrangements were as in Conﬁguration A1 but
the 3f stimuli now had the locations and contrasts previously as-
signed to the 5f stimuli and vice versa.
In Conﬁguration B1, the 5f grating pattern had the ﬁxed loca-
tions (two horizontal strips, each 1 high, located symmetrically
above and below the screen center with a gap between them—
the ‘‘5f–5f gap”—of 10) and variable contrast (4%, 6%, 12%, 24%,
or 36%), while the 3f grating pattern had the ﬁxed contrast (12%)and variable location (two horizontal strips, each 1 high, located
symmetrically above and below the screen center with a gap be-
tween them—the ‘‘3f–3f gap”—that could be 0, 4, 6, 8, 9, or
10 in any given trial): see Fig. 1B. This meant that the selection
of 3f–5f gaps was exactly the same as in Conﬁguration A1, i.e., 4,
2, 1, 0, 0.5, and 1. In Conﬁguration B2, the spatial arrange-
ments were as in Conﬁguration B1 except that the 3f stimuli now
had the locations and contrasts previously assigned to the 5f stim-
uli and vice versa.
A number of concerns were dealt with in control experiments,
all using Conﬁguration A1. The ﬁrst of these was the possibility that
the absolute spatial frequency of the competing stimuli might be an
important factor. This was addressed in two Control Experiments
(I, II) using 3f and 5f stimuli whose spatial frequencies were higher
(Control Experiment I) or lower (Control Experiment II) than those
in the main experiments. The second concern was the possibility
that the changes in total contrast when the 3f and 5f stimuli were
superimposed might exert an inﬂuence via contrast normalization
(Carandini & Heeger, 1994; Carandini, Heeger, & Movshon, 1997;
Heeger, 1992; Heuer & Britten, 2002). This was addressed in Con-
trol Experiment III using 3f–5f gaps of 1 (so that the 3f and 5f
gratings were coextensive and occupied a centered horizontal
strip, 2 high) and a total contrast that was always 20%, which re-
quired that increases in the contrast of one grating were offset by
decreases in the contrast of the other; as usual, Contrast Ratios
could be 1/3, 1/2, 1, 2, or 3.
2.1.3. Eye-movement recording
The horizontal and vertical positions of the right eye were re-
corded with an electromagnetic induction technique (Robinson,
1963) using a scleral search coil embedded in a silastin ring (Colle-
wijn, Van Der Mark, & Jansen, 1975), as described by Yang, FitzGib-
bon, and Miles (2003).
2.1.4. Procedures
All aspects of the experimental paradigms were controlled by
two PCs, which communicated via Ethernet using the TCP/IP proto-
col. One of the PCs was running a Real-time EXperimentation soft-
ware package (REX) developed by Hays, Richmond, and Optican
(1982), and provided the overall control of the experimental proto-
col as well as acquiring, displaying, and storing the eye-movement
data. The other PC was running Matlab subroutines, utilizing the
Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997),
and generated the visual stimuli upon receiving a start signal from
the REX machine.
At the beginning of each trial, the grating patterns appeared
(randomly selected from a lookup table) together with a target
spot (diameter, 0.25) at the screen center that the subject was in-
structed to ﬁxate. After the subject’s right eye had been positioned
within 2 of the ﬁxation target and no saccades had been detected
(using an eye-velocity threshold of 18/s) for a randomized period
of 800–1100 ms the ﬁxation target disappeared and the apparent-
motion stimulus began. The motion lasted for 200 ms, at which
point the screen became a uniform grey (luminance, 38.7 cd/m2)
marking the end of the trial. After an inter-trial interval of
500 ms a new grating pattern appeared together with a central ﬁx-
ation target, commencing a new trial. The subjects were asked to
refrain from blinking or shifting ﬁxation except during the inter-
trial intervals but were given no instructions relating to the motion
stimuli. If no saccades were detected for the duration of the trial,
then the data were stored on a hard disk; otherwise, the trial
was aborted and subsequently repeated. Data were collected over
several sessions until each condition had been repeated an ade-
quate number of times to permit good resolution of the responses
(through averaging); the actual numbers of trials will be given in
the Results. In the main experiment and Control Experiments I
Fig. 1. Spatial layout of the competing 3f and 5f stimuli. (A) Conﬁguration A1 in which the 5f grating occupied a single horizontal strip 2 high that was located always at the
screen center and varied in contrast from trial to trial (‘‘location ﬁxed, contrast various”), whereas the 3f grating occupied two identical horizontal strips, each 1 high, located
symmetrically above and below the screen center (horizontal dotted line) with a gap between them that varied from trial to trial (‘‘3f–5f gaps”, 1 to 4) and a contrast that
was ﬁxed (‘‘location various, contrast ﬁxed”); Conﬁguration A2 (not shown) had the same spatial layout but the 3f stimuli had the locations and contrasts here assigned to the
5f stimuli and vice versa. (B) Conﬁguration B1 in which the 5f grating occupied two identical horizontal strips, each 1 high, located symmetrically above and below the screen
center with a gap between them that was always 10 and a contrast that varied from trial to trial (‘‘location ﬁxed, contrast various”), whereas the 3f grating occupied two
identical horizontal strips, each 1 high, located symmetrically above and below the screen center with a gap between them that varied from trial to trial (so again, ‘‘3f–5f
gaps”, 1 to 4) and a contrast that was ﬁxed (‘‘location various, contrast ﬁxed”); Conﬁguration B2 (not shown) had the same spatial layout but the 3f stimuli had the
locations and contrasts here assigned to the 5f stimuli and vice versa.
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separations, 5 contrasts, and 2 directions of motion, plus 22 single-
grating controls (5 contrasts and 6 separations, each with 2 direc-
tions of motion). In Control Experiment III, each block of trials had
30 randomly interleaved stimuli: 1 separation, 5 contrasts, and 2
directions of motion, plus 20 single-grating controls (5 contrasts
and 1 separation, for each stimulus and each direction of motion).
2.1.5. Data analysis
The horizontal and vertical eye-position data obtained during
the calibration procedure were each ﬁtted with 2nd-order polyno-
mials which were then used to linearize the horizontal and vertical
eye-position data recorded during the experiment proper. The eye-
position data were ﬁrst smoothed with a 6-pole Butterworth ﬁlter
(3 dB at 45 Hz) and then mean temporal proﬁles time-locked to
stimulus onset were computed for all the data obtained for eachof the stimulus conditions for each subject. By convention, OFRs
in the direction of the 1=4-wavelength steps applied to the 5f stimuli
were in the forward direction and positive, whereas the OFRs in the
direction of the 1=4-wavelength steps applied to the 3f stimuli were
in the backward direction and negative. Because the OFRs elicited
by some stimuli could be very weak or show directional asymme-
tries, the mean horizontal eye position with each leftward motion
stimulus was subtracted from the mean horizontal eye position
with the corresponding rightward motion stimulus: the ‘‘mean
R–L eye position”. Velocity responses were estimated at successive
1-ms intervals by computing the differences between the mean R–
L eye positions at intervals of 10 ms. Trials with saccadic intrusions
(that had failed to reach the eye-velocity threshold of 18/s used
during the experiment) were deleted. The initial horizontal OFRs
were quantiﬁed by measuring the changes in the mean R–L eye po-
sition over the 70 ms time periods commencing 60 ms after the
Fig. 2. The initial OFRs to the competing 3f and 5f stimuli with Conﬁguration A1 (mean R–L eye velocity proﬁles over time for subject JKM). (A) Responses to pure 5f stimuli
alone (black traces) with contrasts indicated at the ends of the traces, and responses to pure 3f stimuli alone (dashed traces) when separated by gaps indicated at the ends of
the traces and contrasts of 12%. (B) Responses to combined 3f and 5f stimuli when coextensive (black traces; ‘‘3f–5f gaps” = 1) with Contrast Ratios, 3f/5f, indicated at the
ends of the traces; also shown for comparison (grey traces) are the responses to pure 5f stimuli alone, when contrast was 36% and 24%, and to pure 3f stimuli alone when the
‘‘3f–3f gap” was 0, all as in (A). (C) Responses to combined 3f and 5f stimuli when separated by gaps of 4 (black traces) with Contrast Ratios, 3f/5f, indicated at the ends of the
traces; also shown for comparison (grey traces) are the responses to pure 5f stimuli alone with a contrast of 36% and to pure 3f stimuli alone when the ‘‘3f–3f gap” was 10, as
in (A). Horizontal dotted lines represent zero velocity. Upward deﬂections denote positive responses (forward direction). Each trace is the mean of 102–113 responses.
1 Note the discontinuities in the otherwise logarithmic abscissas in Fig. 3.
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measures” or ‘‘measured responses”). Note that these response
measures were positive when in the forward direction, which
was the direction of the 1=4-wavelength steps applied to the 5f stim-
uli, and were negative when in the backward direction, which was
the direction of the 1=4-wavelength steps applied to the 3f stimuli.
The minimum latency of onset was 70 ms so that these response
measures were restricted to the period prior to the closure of the
visual feedback loop (i.e., twice the reaction time): initial open-
loop responses. All error bars are 1 standard deviation of the mean
(SD), and the p-value for signiﬁcance in all statistical tests was
0.05.
2.2. Results
2.2.1. General ﬁndings
The data obtained with the four stimulus Conﬁgurations were
the same in all essentials, differing only slightly in some of the
quantitative details. Therefore, the data set obtained with Conﬁgu-
ration A1 will be described in detail and the ﬁndings obtained with
the other Conﬁgurations will be given only in summary form, al-
beit quantitatively.
Fig. 2 shows sample mean R–L velocity response proﬁles over
time obtained from one subject (JKM) using stimulus Conﬁguration
A1 when the 3f and 5f stimuli were presented either alone (Fig. 2A)or together (Fig. 2B and C), and in the latter case with 3f–5f gaps of
1 (Fig. 2B) or 4 (Fig. 2C). The 5f stimulus—a 2 centered strip—
had ‘‘location ﬁxed, contrast various”, and when presented alone
elicited OFRs that were in the forward direction (positive): see
the traces in continuous line in Fig. 2A. The response proﬁles
obtained with these pure 5f stimuli showed clear increases in
amplitude with increases in contrast over the range examined
(4–36%, indicated by the labels at the ends of the traces in Fig.
2A). The response measures for these data indicate a roughly linear
dependence on log contrast, in accord with previous reports
(Sheliga et al., 2005, 2006b): see the ﬁlled black circles plotted in
Fig. 3A. The 3f stimulus—two 1 strips separated by vertical
gaps—had ‘‘location various, contrast ﬁxed”, and when presented
alone elicited OFRs that were in the backward direction: see the
traces in dashed line in Fig. 2A. The response proﬁles obtained with
these pure 3f stimuli showed slight increases in amplitude as the
gap between the two strips increased from 0 to 10 (3f–3f gaps
indicated by the labels at the ends of the traces in Fig. 2A), a ten-
dency that is evident in the response measures for these data:
see the colored symbols plotted on the ordinate axis in Fig. 3A.1
For the data shown in Fig. 2B, the two 1 strips comprising
the 3f stimulus abutted one another at the screen center (3f–5f
Fig. 3. The initial OFRs to the 3f and 5f stimuli. (A) Dependence on the contrast of the 5f stimulus with various ‘‘3f–5f gaps” with Conﬁguration A1 (mean R–L response
measures for subject JKM); plot shows the OFRs elicited by: (1) pure 5f stimuli alone (black circles); (2) combined 3f and 5f stimuli, when the contrast of the 5f component
was varied systematically while the contrast of the 3f component was ﬁxed and the ‘‘3f–5f gaps” were 1 (open green diamonds), 0.5 (open red squares), 0 (open
magenta circles), 1 (ﬁlled orange squares), 2 (ﬁlled grey diamonds), and 4 (ﬁlled blue circles); (3) pure 3f stimuli alone with the same contrasts and locations as when
combined with the 5f stimuli (symbols plotted on the ordinate axis, color coded as for the data obtained with the combined 3f and 5f stimuli); also shown is the linear sum of
the responses to the pure 5f and 3f stimuli when each was presented alone for each of the ‘‘3f–5f gaps” (thin dashed lines, color coded as for the data obtained with the
combined 3f and 5f stimuli); the Contrast Ratios, 3f/5f, when the 3f and 5f stimuli were combined are also indicated above the abscissas; positive responses are in the forward
direction; 102–113 trials per condition and SD’s ranged 0.017–0.026. (B) Dependence of the Response Ratio (given by Expression 1) on the Contrast Ratio, 3f/5f, for various
‘‘3f–5f gaps”; data from (A) are replotted with the same color coding; continuous smooth curves are best-ﬁt Cumulative Gaussian functions. (C) Dependence of the Response
Ratio on the Contrast Ratio, 3f/5f, for various ‘‘3f–5f gaps”: standard deviations of the best-ﬁt Gaussian functions; data for all three subjects, JKM (circles; 102–151 trials per
condition), BMS (diamonds; 83–135 trials per condition), and FAM (squares; 96–120 trials per condition), obtained with all four stimulus Conﬁgurations: A1 (red), A2 (orange),
B1 (green), B2 (blue).
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ulus, cf., the ‘‘3f5f stimulus” of Sheliga et al. (2006b). In this sit-
uation, when the contrast of the 5f stimulus was 36% or 24%, so
that the contrast of the 3f stimulus (always 12%) was only 1/3 or
1/2 the contrast of the 5f stimulus, the response proﬁles (black
traces in Fig. 2B labeled, ‘‘1/3”, ‘‘1/2”) approximated those ob-
tained with pure 5f stimuli of the same contrasts (thick grey
traces in Fig. 2B, copied from Fig. 2A: ‘‘5f = 36%”, ‘‘5f = 24%”),
i.e., the 3f stimulus was almost without effect here, as though
suppressed: WTA. On the other hand, when the contrast of the
5f stimulus was 6% or 4%, so that the contrast of the 3f stimulus
was two or three times the contrast of the 5f stimulus, then the
response proﬁles (black traces in Fig. 2B: ‘‘2”, ‘‘3”) approximated
that obtained with a pure 3f stimulus whose two strips had the
same separation (thick grey trace in Fig. 2B, copied from Fig. 2A:
‘‘3f–3f gap = 0”), i.e., the 5f stimulus was now almost without
effect, as though suppressed: WTA. When the contrasts of the
3f and 5f stimuli were the same (i.e., 12%), then the OFRs were
intermediate between these two extremes, actually favoring
the 5f stimulus somewhat (black trace in Fig. 2B: ‘‘1”). The re-
sponse measures for these black traces in Fig. 2B show a slightly
sigmoidal dependence on the log contrast of the 5f stimulus
(open green diamonds in Fig. 3A), approximating the data
obtained with the pure 3f stimulus alone (the open green
diamond plotted on the ordinate axis in Fig. 3A) when the 5f
stimulus had low contrast, and approximating the data obtained
with the corresponding pure 5f stimulus alone (ﬁlled black cir-
cles in Fig. 3A) when the 5f stimulus had high contrast. Such
highly nonlinear behavior—whereby one of the two components
of the 3f5f stimulus dominates the OFR in a WTA fashion when
its contrast exceeds that of the other component by an octave or
more—is very similar to that previously described when overlap-
ping large-ﬁeld 3f5f stimuli were used (Sheliga et al., 2006b).The only difference between the stimuli used to obtain the data
in Figs. 2B and C was the 3f–5f gaps: in Fig. 2B these gaps were 1
(so that the competing 3f and 5f stimuli were coextensive),
whereas in Fig. 2C these gaps were 4 (so that the competing stim-
uli were vertically separated by gaps of 4). The introduction of a
gap between the competing stimuli had a major impact, the most
obvious in Fig. 2C being that the OFRs were no longer dominated
by the 5f stimulus when its contrast exceeded that of the 3f stim-
ulus (compare the black traces labeled, ‘‘1/3” and ‘‘1/2”, with the
grey trace labeled, ‘‘5f = 36%”, copied from Fig. 2A) nor by the 3f
stimulus when its contrast was twice that of the 5f stimulus (com-
pare the black trace labeled, ‘‘2”, with the grey trace labeled, ‘‘3f–3f
gap = 10”). The response measures based on the black traces in
Fig. 2C are plotted as ﬁlled blue circles in Fig. 3A and indicate a
roughly linear dependence on the log contrast of the 5f stimulus
with a slope only slightly greater than that for the data obtained
with the pure 5f stimuli alone (black circles in Fig. 3A). In fact,
when the competing 3f and 5f stimuli are separated by a gap of
4 the responses approximate the linear sum of the responses to
these stimuli when each is presented alone (indicated in Fig. 3A
by the dashed blue line). Note that the OFR to a pure 5f stimulus
of 4% contrast was quite small, so that when this stimulus was
combined with the 3f stimulus then the responses predicted by
the WTA and Linear-Summodels were very similar. In fact, the dis-
tinction between the WTA and Linear-Sum models is best seen
when the 5f stimulus has high efﬁcacy, i.e., high contrast (P24%).
It is also apparent from Fig. 3A that when the 3f–5f gaps were 2
or 1 (ﬁlled grey diamonds, ﬁlled orange squares) the initial OFRs
almost overlay those when the gaps were 4 and, again, are close
to the linear sum of the responses to the pure 3f and pure 5f stimuli
when each was presented alone (grey and orange dashed lines).
The data obtained with the intermediate 3f–5f gaps, 0.5 and 0
(open red squares and open magenta circles in Fig. 3A), are clearly
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competing stimuli were superimposed and the linear-log depen-
dency when the competing stimuli were separated by gaps of 1
or more. Importantly, the data from the other two subjects were
very similar in all essentials, and this will become apparent from
the quantitative analyses described later.
The clear suggestion here is that the OFRs to the competing 3f
and 5f stimuli showed the robust WTA behavior previously de-
scribed by Sheliga et al. (2006b) only when the competing stimuli
were superimposed, and approximated a simple linear sum when
the competing stimuli were separated by a gap of 1 or more.
We will now examine the case for these two different summation
behaviors quantitatively.2 This is based on the average of the 5% values and the reciprocals of the 95% values.2.2.2. Evidence for nonlinear interactions when the competing stimuli
were superimposed
We ﬁrst examined the nonlinear behavior more closely by com-
puting the Response Ratio of Sheliga et al. (2006b). The Response
Ratio when the competing stimuli have a particular separation is
given by the following expression:
R3f5f  R3f
R5f  R3f ð1Þ
where R3f5f is the measured response to the competing sine waves
when the 3f and 5f stimuli have particular contrast values, and R3f
and R5f are the measured responses to the pure 3f and 5f stimuli
when each is presented alone with matching contrast. To the extent
that the response to the competing stimuli is determined exclu-
sively by the 5f component (i.e., R3f5f  R5f), the value of the numer-
ator in Expression 1 will approach the value of the denominator and
the Response Ratio will therefore approach unity. To the extent that
the response to the competing stimuli is determined exclusively by
the 3f component (i.e., R3f5f  R3f), the value of the numerator in
Expression 1 will approach zero and the Response Ratio will there-
fore also approach zero. In Fig. 3B, the data from Fig. 3A have been
replotted (with the same symbols and colors) to show the Response
Ratio as a function of the Contrast Ratio (on a log scale), where the
latter is given by the contrast of the 3f stimulus divided by the con-
trast of the 5f stimulus. It is evident that the curves in Fig. 3B range
from highly sigmoidal when the two stimuli were superimposed
(open green diamonds) to a straight line when the competing stim-
uli were separated by gaps of 4 (ﬁlled blue circles). Thus, if the
competing stimuli were superimposed (open green diamonds), Re-
sponse Ratios asymptoted near zero when the Contrast Ratio was >2
and near unity when the Contrast Ratio was <0.5. If the competing
stimuli were physically separated, the Response Ratios failed to
asymptote within the range of Contrast Ratios examined and, as
the separation between the competing stimuli increased the depen-
dence on (log) Contrast Ratio became less steep and increasingly
linear. To obtain a quantitative estimate of the sharpness of the
transitions in Fig. 3B—and hence of the strength of any nonlinear
interactions—the data set obtained with each 3f–5f gap was ﬁtted
with a Cumulative Gaussian function using a least squares criterion
(and forcing the asymptotes through ‘‘0” and ‘‘1”): see the smooth
colored lines in Fig. 3B. Signiﬁcantly, every one of the 72 data sets
obtained (three subjects, six 3f–5f gaps, four Conﬁgurations) was
well ﬁt by the Cumulative Gaussian function, the r2 values averag-
ing 0.974 (range, 0.920–0.998). In Fig. 3C, the standard deviations
(SDs) of these best-ﬁt Cumulative Gaussians are plotted against
the 3f–5f gaps the data sets obtained from each of the three subjects
being indicated by a different symbol and the data sets obtained
with each of the 4 stimulus Conﬁgurations being indicated by a dif-
ferent color. Clearly, the SDs were generally smallest—indicating
that the Cumulative Gaussian curves were most sigmoidal—when
the competing stimuli were superimposed (3f–5f gaps, 1), andincreased as the competing stimuli were separated. Much of the
scatter when the 3f–5f gaps are P1 arises because the SD of the
Cumulative Gaussian was always somewhat higher for subject
BMS than for the other two subjects. Table 1 summarizes these ﬁnd-
ings, listing the mean data for the three subjects for each of the 3f–
5f gaps with each stimulus Conﬁguration, together with the overall
means, and further emphasizes that the data obtained with the four
stimulus Conﬁgurations all show the same general tendencies. Sig-
niﬁcantly, when the competing stimuli were superimposed, the SD
of the Cumulative Gaussian, averaged across subjects and Conﬁgu-
rations, was 0.17log units, which is very similar to the value of
0.15log units in the study of Sheliga et al. (2006b), which used over-
lapping large-ﬁeld 3f5f stimuli and the same three subjects.
To obtain an estimate of the potential biological signiﬁcance of
these nonlinear interactions we determined how different the con-
trasts of the two competing stimuli had to be for the one of lower
contrast to effectively lose its inﬂuence. For this we used the
parameters of the best-ﬁt Cumulative Gaussian functions to deter-
mine a Transition Zone (cf., Sheliga et al., 2006b), which we deﬁned
as the range of Contrast Ratios over which the Response Ratio
changed from 0.05 to 0.95: see the ‘‘5%” and ‘‘95%” listings in Table
1. When the competing stimuli were coextensive, the mean Tran-
sition Zone (averaged across subjects and Conﬁgurations) extended
from 0.65 to 2.30, indicating that, on average, a 1.9-fold difference
in contrast sufﬁced for the stimulus with the lower contrast to al-
most totally lose its inﬂuence.2 When the competing stimuli were
separated, the required difference in contrast before one lost its
inﬂuence increased substantially, e.g., when separated by a gap of
1, on average, a 25-fold difference in contrast was required.
2.2.3. Evidence for linear summation when the competing stimuli were
spatially separated
The possibility that the OFRs obtained when the competing
stimuli were separated by a gap were given by the simple linear
sum of the OFRs obtained when each of the competing stimuli
was presented alone was examined quantitatively. If the linear
sum were to explain the data then, in Fig. 3A for example, the con-
trast dependence of the OFRs to the competing stimuli with a given
separation (colored symbols) would simply parallel the contrast
dependence of the OFRs to the pure 5f stimuli (black symbols) with
a vertical separation given by the OFR to the matching pure 3f
stimulus (plotted on the ordinate axis). Using a least squares crite-
rion, the contrast-dependence data obtained with the pure 5f stim-
uli were ﬁtted to the contrast-dependence data obtained with the
competing stimuli separated by each of the various gaps, allowing
one free parameter: vertical offset. In Fig. 4A, the r2 values for these
ﬁts are plotted against the 3f–5f gaps, using the same symbols and
color codes as in Fig. 3C. It is evident from Fig. 4A that, regardless of
the stimulus Conﬁguration, with separations of 1 or more, the r2
values generally exceeded 0.9 (35/36 cases), indicating that the ﬁts
here were very good. Thus, when the 3f–5f gaps were 1 or more,
the major effect of introducing the competing stimulus with ‘‘loca-
tion variable, contrast ﬁxed” (such as the 3f stimuli in Fig. 3A) was
a simple vertical shift of the entire contrast-dependence curve with
little change in its shape. In Fig. 4B, the absolute magnitude of the
vertical offsets that gave the best ﬁts (labeled, ‘‘Actual offset”) are
plotted against the absolute magnitude of the measured responses
to the single gratings of ‘‘location variable, contrast ﬁxed” (labeled,
‘‘Offset Predicted by Linear Summation”) for the data sets obtained
when the 3f–5f gap was 1 or more. Data consistent with the Linear-
Sum model should be distributed along the unity-slope line in Fig.
4B, and such a tendency is clearly apparent. In fact, a paired t-test
failed to indicate any signiﬁcant difference between the ‘‘actual”
Table 1
Dependence of the Response Ratio on the Contrast Ratio, 3f/5f: parameters of the least squares best-ﬁt Cumulative Gaussian functions
Conﬁguration 3f–5f gaps SD 5% 95% r2
A1 (means, three subjects) 1 0.17 ± 0.01 2.26 ± 0.03 0.65 ± 0.04 0.994 ± 0.006
0.5 0.25 ± 0.04 2.66 ± 0.27 0.39 ± 0.08 0.988 ± 0.008
0 0.46 ± 0.14 4.41 ± 1.54 0.16 ± 0.10 0.986 ± 0.012
1 0.75 ± 0.27 9.49 ± 7.00 0.04 ± 0.03 0.962 ± 0.022
2 0.79 ± 0.31 12.58 ± 11.40 0.04 ± 0.03 0.951 ± 0.032
4 0.94 ± 0.46 28.75 ± 34.66 0.04 ± 0.04 0.965 ± 0.027
A2 (means, three subjects) 1 0.19 ± 0.02 2.48 ± 0.26 0.59 ± 0.04 0.982 ± 0.021
0.5 0.27 ± 0.05 4.12 ± 1.10 0.54 ± 0.09 0.994 ± 0.004
0 0.44 ± 0.18 15.84 ± 14.87 0.45 ± 0.20 0.994 ± 0.005
1 0.74 ± 0.29 109.36 ± 153.47 0.20 ± 0.11 0.943 ± 0.038
2 0.82 ± 0.45 263.46 ± 425.94 0.18 ± 0.14 0.932 ± 0.035
4 0.88 ± 0.35 175.59 ± 270.20 0.09 ± 0.06 0.927 ± 0.026
B1 (means, three subjects) 1 0.14 ± 0.01 2.11 ± 0.11 0.71 ± 0.06 0.987 ± 0.010
0.5 0.19 ± 0.05 2.34 ± 0.48 0.56 ± 0.12 0.994 ± 0.002
0 0.35 ± 0.11 3.57 ± 1.41 0.25 ± 0.10 0.964 ± 0.010
1 0.72 ± 0.32 11.30 ± 11.93 0.06 ± 0.06 0.900 ± 0.063
2 0.77 ± 0.34 11.38 ± 12.98 0.04 ± 0.03 0.910 ± 0.043
4 0.67 ± 0.26 8.96 ± 9.00 0.06 ± 0.04 0.902 ± 0.083
B2 (means, three subjects) 1 0.17 ± 0.04 2.35 ± 0.32 0.66 ± 0.08 0.988 ± 0.013
0.50 0.20 ± 0.04 2.73 ± 0.28 0.61 ± 0.10 0.993 ± 0.002
0 0.34 ± 0.11 5.88 ± 2.98 0.44 ± 0.14 0.974 ± 0.030
1 0.69 ± 0.21 35.97 ± 38.55 0.14 ± 0.06 0.879 ± 0.078
2 0.67 ± 0.23 40.56 ± 45.19 0.19 ± 0.10 0.900 ± 0.100
4 0.61 ± 0.22 23.66 ± 22.51 0.21 ± 0.13 0.932 ± 0.076
Means for all Conﬁgurations and all subjects 1 0.17 ± 0.02 2.30 ± 0.23 0.65 ± 0.07 0.988 ± 0.013
0.5 0.23 ± 0.05 2.96 ± 0.89 0.53 ± 0.12 0.992 ± 0.005
0 0.40 ± 0.13 7.43 ± 8.31 0.33 ± 0.18 0.980 ± 0.019
1 0.73 ± 0.24 41.53 ± 79.87 0.11 ± 0.09 0.921 ± 0.058
2 0.76 ± 0.30 82.00 ± 213.39 0.11 ± 0.11 0.923 ± 0.055
4 0.77 ± 0.32 59.24 ± 136.31 0.10 ± 0.10 0.932 ± 0.056
SD, standard deviation. ‘‘5%” and ‘‘95%”, Contrast Ratios for which the Response Ratio had values of 0.05–0.95, respectively.
Fig. 4. The initial OFRs to the combined 3f and 5f stimuli: the Linear Sum prediction (data for all three subjects using all four stimulus Conﬁgurations). The contrast-
dependence data obtained with the pure stimuli designated as ‘‘location ﬁxed, contrast variable” (such as the 5f data shown in black symbols in Fig. 3A) were ﬁtted to the
contrast-dependence data obtained with the competing 3f and 5f stimuli when separated by each of the various gaps (such as the data sets each plotted in a given color in Fig.
3A), allowing one free parameter, the vertical offset. (A) The r2 values for the least squares best ﬁts. (B) The absolute vertical offsets of the least squares best ﬁts (‘‘Actual
Offsets”) plotted against the absolute vertical offsets predicted by linear summation (given by the responses to the stimulus designated as ‘‘location variable, contrast ﬁxed”,
such as the 3f data plotted on the ordinate axis in Fig. 3A); plot restricted to the data sets obtained when the 3f–5f separation was 1 or more. Conﬁgurations (colors) and
subjects (symbols) as for Fig. 3C.
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symbols; JKM, circular symbols). The data of the third subject
(BMS, diamond symbols) were consistently above the unity-slopeline, on average by 12.5% (range, 8.3–18.3%), and a paired t-test
indicated that this was signiﬁcant. Thus, in this subject, when there
were competing stimuli, the one with the ﬁxed contrast
Fig. 5. The initial OFRs to the 3f and 5f stimuli with Conﬁguration A1 when spatial frequencies were three times higher (Control Experiment I) or lower (Control Experiment II)
than in the main Experiment. (A and B) Mean R–L response measures for subject BMS obtained with high (A) and low (B) spatial frequency stimuli: dependence on the
contrast of the 5f stimulus with various ‘‘3f–5f gaps”; plots show the OFRs elicited by: (1) pure 5f stimuli alone (black circles); (2) combined 3f and 5f stimuli, when the
contrast of the 5f component was varied systematically while the contrast of the 3f component was ﬁxed at 12% and the ‘‘3f–5f gaps” were 1 (open green diamonds), 0.5
(open red squares), 0 (open magenta circles), 1 (ﬁlled orange squares), 2 (ﬁlled grey diamonds), and 4 (ﬁlled blue circles); (3) pure 3f stimuli alone with the same contrasts
and locations as when combined with the 5f stimuli (symbols plotted on the ordinate axis, color coded as for the data obtained with the combined 3f and 5f stimuli); other
conventions as in Fig. 3A; there were 80–90 trials per condition and SD’s ranged 0.011–0.021. (C) The SUM:WTA Ratio, given by Expression 2, based on the data obtained
when the 5f stimulus had its highest contrast (36%), plotted as a function of the ‘‘3f–5f gaps”, when the spatial frequency was high (open magenta circles) and low (open cyan
squares): means ± SD for three subjects.
3 For these subjects we used stimuli whose spatial frequencies were one-half the
usual rather than one-third, because OFRs with the latter were very weak.
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iable contrast contributed a little less) than expected from the lin-
ear sum.
It is also evident from Fig. 4A that when the gaps separating the
competing stimuli were less than 1, the r2 values were always less
than 0.9, sometimes appreciably less, consistent with the sigmoi-
dal tendency apparent in these data from the SDs of the best-ﬁt
Cumulative Gaussian functions plotted in Fig. 3C and listed in Table
1.
2.2.4. Control Experiments I and II: Effects of increasing or decreasing
the spatial frequency
The 3f and 5f stimuli used in all of the experiments described
above were always of roughly equal efﬁcacy (i.e., they generated
initial OFRs of similar magnitude when of the same contrast) be-
cause their spatial frequencies were symmetrically distributed on
either side of the peak of the Gaussian function describing the
dependence of the OFR on spatial frequency (Sheliga et al., 2005).
Additional data were obtained with stimulus Conﬁguration A1
using 3f and 5f stimuli whose spatial frequencies were either high-
er or lower than those in the main experiments, and hence, were of
unequal efﬁcacy. The contrasts of the gratings were exactly as in
the main experiment. Sample response measures for one subject
(BMS) are shown in Fig. 5, those obtained with spatial frequencies
that were three times the usual (Control Experiment I: 5f stimuli,
0.981 cycles/; 3f stimuli, 0.588 cycles/) being plotted in Fig. 5A,
and those obtained with spatial frequencies that were one-third
the usual (Control Experiment II: 5f stimuli, 0.109 cycles/; 3f stim-
uli, 0.065 cycles/) being plotted in Fig. 5B. These two graphs have
the same layout as that in Fig. 3A, and show clear similarities: con-
trast dependence was still sigmoidal (consistent with WTA) when
the competing 3f and 5f stimuli were superimposed (open green
diamonds) and was roughly linear-log (consistent with linear
sum) when the competing stimuli were separated by gaps of 1or more (ﬁlled orange squares, ﬁlled grey diamonds, ﬁlled blue cir-
cles). However, when the separation of the competing stimuli was
of intermediate size—3f–5f gaps of 0.5 and 0—the curves tended
towards sigmoidal when the spatial frequency was low (Fig. 5B)
and towards linear-log when the spatial frequency was high (Fig.
5A). This suggests that the spatial extent of the nonlinear interac-
tions responsible for theWTA behavior was a little greater with the
lower spatial frequencies. Similar data (not shown) were obtained
from two additional subjects, JKM and FAM.3
In order to quantify these effects, we exploited the fact that the
response measures showing the greatest sensitivity to the sigmoi-
dal/linear form of the dependence on log contrast—and to the shift
from WTA to linear summation with increasing 3f–5f gaps—were
those obtained when the 5f stimuli had their highest contrast
(36%), and we used this subset of response measures to compute
a SUM:WTA Ratio using the following expression:
R5f  R3f5f
R3f
ð2Þ
where R5f is the measured response to the pure 5f stimulus when
presented alone with a contrast of 36%; R3f5f is the measured re-
sponse to the competing 3f and 5f stimuli presented with a given
separation when the 5f stimulus had a contrast of 36%; R3f is the
measured response to the pure 3f stimulus when presented alone
(contrast always 12%) and positioned exactly as when competing
with the 5f stimulus. If a pure WTA situation prevails then the re-
sponse to the competing stimuli is determined exclusively by the
higher-contrast 5f stimulus (i.e., R3f5f = R5f), in which case the value
of the numerator in Expression 2—and of the SUM:WTA Ratio—will
be zero. If a pure linear sum situation prevails then the response to
Table 2
Dependence of the response measures (change in mean R–L eye position) on the
contrast of the 5f component of the 3f5f stimuli: parameters of the least squares best-
ﬁt Contrast-Weighted-Average (CWA) model given by Eq. (3)
3f–5f gaps n3f n5f r2
1 4.64 ± 0.64 4.24 ± 0.58 0.996 ± 0.004
0.5 3.49 ± 0.97 3.19 ± 0.96 0.997 ± 0.002
0 1.90 ± 0.64 1.72 ± 0.65 0.991 ± 0.011
1 0.83 ± 0.34 0.81 ± 0.36 0.967 ± 0.027
2 0.76 ± 0.35 0.74 ± 0.31 0.966 ± 0.025
4 0.80 ± 0.35 0.80 ± 0.32 0.971 ± 0.022
Values are averaged across all four Conﬁgurations and all three subjects.
4 These values from the study of Sheliga et al. (2006b) are means for the data they
obtained when the contrast of the 5f component was ﬁxed at 8% and 16%; that study
did not use the 12% contrast employed in the present study.
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ulus alone by an amount that equals the response to the pure 3f
stimulus alone (i.e., R5f  R3f5f = R3f), and the SUM:WTA Ratio will
be unity. Fig. 5C shows the dependence of the SUM:WTA Ratio on
the 3f–5f gaps using the high-spatial-frequency stimuli (open red
circles), and the low-spatial-frequency stimuli (open blue squares).
The plotted data are the means for the three subjects and indicate
that, with intermediate separations, the high-spatial-frequency
data are shifted more towards the linear sum than are the low-spa-
tial-frequency data. Student’s t-test failed to uncover any signiﬁcant
differences between the low- and high-frequency data for any one
separation, but when the data for adjacent separations were pooled
then the differences were signiﬁcant for the combined data ob-
tained with 3f–5f gaps of 0 and 1.
2.2.5. Control Experiment III: Competing stimuli with constant total
contrast
Experiment 1 employed two sine waves with competing mo-
tions and examined the OFRs as the contrast of one sine wave
was changed while the contrast of the other was held constant.
This meant that when the two sine waves were superimposed
there were changes in the overall contrast of the 3f5f pattern, rais-
ing the possibility that contrast normalization might have been in-
volved. Indeed, this might have been responsible for some part of
the shift fromWTA to linear summation when the competing stim-
uli were separated. We addressed this issue using Conﬁgurations
A1 and A2 with 3f–5f gaps of 1 (i.e., competing stimuli superim-
posed) and 3f and 5f stimuli whose total contrast was always 20%,
which required that increases in the contrast of one were offset by
decreases in the contrast of the other. The 3f and 5f stimuli could
have one of 5 Contrast Ratios (given by the contrast of the 3f stim-
ulus divided by the contrast of the 5f stimulus) selected randomly
from a lookup table: 1/3, 1/2, 1, 2, and 3.
The data obtained with the constant-total-contrast stimuli were
very similar in all essentials to those obtained in the main experi-
ment. Thus, for all three subjects, plots of the Response Ratio
against the Contrast Ratio were well ﬁt by Cumulative Gaussians
(mean r2 = 0.980 ± 0.005) whose mean SD was 0.20 ± 0.01log units,
which was not signiﬁcantly different from that in the main Exper-
iment with 3f–5f gaps of 1 (t-test).
2.3. Discussion of Experiment 1
Using large-ﬁeld stimuli, Sheliga et al. (2006b) showed that
when two coextensive sine-wave gratings of the same orientation
but differing in spatial frequency (in the ratio 3:5) moved in oppo-
site directions, the resulting OFR depended critically on the relative
contrasts of those two sine waves, and this dependence was highly
nonlinear. Thus, when the competing stimuli differed in contrast
by more than a certain factor then the one with the higher contrast
dominated the initial OFR and the one with the lower contrast
effectively lost its inﬂuence as though suppressed: WTA. On aver-
age, a 1.9-fold difference in contrast resulted in Response Ratios
that were <0.05 or >0.95. In the present study, we also used two
competing gratings with spatial frequencies in the ratio 3:5 mov-
ing in opposite directions and, although each was conﬁned to nar-
row horizontal strips, the outcome was very similar when the two
gratings were superimposed, even quantitatively: again, on aver-
age, a 1.9-fold difference in their contrasts was sufﬁcient for the
grating of lower contrast to effectively lose its inﬂuence. Scrutiny
of Table 1 indicates that the data were similar for all four stimulus
Conﬁgurations, indicating that the exact locations of the 3f and 5f
stimuli with respect to the fovea, which was near the center of
the display, were of secondary importance. In these experiments
the actual spatial frequencies used were chosen so that, in isola-
tion, the two sine-wave stimuli had roughly equal efﬁcacy whenof equal contrast (because they straddled the peak in the spatial-
frequency tuning curve). However, when the spatial frequencies
of the two gratings were increased (decreased), as in Control
Experiments I and II, the lateral spread of the nonlinear interac-
tions decreased (increased) slightly.
In their experiments with large-ﬁeld 3f5f stimuli—in which the
competing sine waves were always superimposed—Sheliga et al.
(2006b) addressed the possibility that the nonlinear interactions
reﬂected contrast normalization due to the changes in total con-
trast by using 3f5f stimuli of constant total contrast so that in-
creases in the contrast of one component were always balanced
by decreases in the contrast of the other component. This had min-
imal impact on their ﬁndings, which continued to show robust
nonlinear dependence on the Contrast Ratio, and the same was
apparent from Control Experiment III in the present study when
the 3f and 5f stimuli occupied coextensive narrow bands and their
total contrast was always ﬁxed at 20%.
2.3.1. The Contrast-Weighted-Average model
The study of Sheliga et al. (2006b), which used large-ﬁeld 3f5f
stimuli, reported contrast-dependence curves with roughly sig-
moidal shapes very similar to those in Fig. 3A that were obtained
when the 3f and 5f gratings were superimposed, and showed that
these were well ﬁtted by a simple Contrast-Weighted-Average
(CWA) model with only two free parameters:
~R3f5f ¼ ðC3f Þ
n3f
ðC3f Þn3f þ ðC5f Þn5f
~R3f þ ðC5f Þ
n5f
ðC3f Þn3f þ ðC5f Þn5f
~R5f ð3Þ
where ~R3f5f is the simulated OFR to a 3f5f stimulus whose compo-
nents have contrasts of C3f and C5f , respectively; ~R3f and ~R5f are
the measured OFRs to pure 3f and 5f stimuli, respectively, with con-
trasts of C3f and C5f , respectively; n3f and n5f are two free parame-
ters that determine the steepness of the sigmoidal transitions.
This CWA model provided an excellent ﬁt to all of the contrast-
dependence data obtained with our 3f5f stimuli (such as those in
Fig. 3A) regardless of the 3f–5f gaps: for all ﬁts, r2 > 0.9. Table 2 lists
the mean best-ﬁt values of the exponents, n3f and n5f, averaged
across subjects and Conﬁgurations, for each separation of the com-
peting stimuli, together with the mean r2 values for the ﬁts. It is evi-
dent that the two exponents show very similar dependence on the
3f–5f gaps, declining steeply in value as the gaps change from 1
to +1 to reach an asymptote that averaged 0.8. These exponents
provide an estimate of the strengths of the nonlinear interaction be-
tween the neural channels conveying the information about the two
sine-wave gratings, and were generally greatest when the 3f–5f
gaps were 1, with mean values of 4.64 (n3f) and 4.24 (n5f), which
are very close to the values obtained by Sheliga et al. (2006b) with
the same three subjects using large-ﬁeld 3f5f stimuli: 4.48 (n3f) and
4.70 (n5f).4
5 But see Qian and Andersen (1994) for a contrary view.
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Like previous authors who used competing motions and de-
scribed WTA performance, we attribute the nonlinear behavior
to mutual inhibition between the neural channels carrying the
information about the two competing stimuli (Ferrera, 2000;
Ferrera & Lisberger, 1995; Ferrera & Lisberger, 1997; Kodaka,
Sheliga, FitzGibbon, & Miles, 2007; Recanzone & Wurtz, 1999;
Sheliga, FitzGibbon, & Miles, 2007; Sheliga et al., 2006b). The
exponents in the CWA model provide an index of the strength
of this inhibition. Our ﬁnding that separating the competing
stimuli by a gap of 1 or more essentially eliminated the nonlin-
ear interactions (Figs. 3–5, and Tables 1 and 2) indicates that the
postulated mutual inhibition would have to be very local. The
spatial extent of the nonlinear interaction was somewhat
sensitive to the spatial frequencies of the competing sine waves.
Thus, on average, in Fig. 5C the separation required to eliminate
the nonlinear interaction decreased to 0 when the spatial
frequencies were increased 3-fold and increased to between 2
and 4 when the spatial frequencies were reduced to one-third
or one-half. This might simply reﬂect the fact that lower spatial
frequencies tend to activate neurons with larger receptive ﬁelds
(and vice versa).
2.3.3. Competing motions in opposite directions: Other studies
The existence of strong mutual inhibition between channels
subserving opposite directions of motion, which is often termed
‘‘motion opponency”, has considerable supporting evidence from
psychophysical studies (Levinson & Sekuler, 1975; Mather & Moul-
den, 1983; Qian, Andersen, & Adelson, 1994; Stromeyer, Kronauer,
Madsen, & Klein, 1984; van Santen & Sperling, 1984; Zemany, Stro-
meyer, Chaparro, & Kronauer, 1998) and single unit recordings in
the monkey, mostly in area MT of (Bradley, Qian, & Andersen,
1995; Mikami, Newsome, & Wurtz, 1986; Qian & Andersen, 1994;
Rodman & Albright, 1987; Rust, 2004; Rust, Mante, Simoncelli, &
Movshon, 2006; Snowden, Treue, Erickson, & Andersen, 1991),
but also in area V1 (Rust, 2004; Rust, Schwartz, Movshon, & Simon-
celli, 2005), and the nucleus of the optic tract in the pretectum and
the dorsal terminal nucleus of the accessory optic tract (Hoffmann
&Distler, 1989). Functionalmagnetic resonance imaging in humans
uncovered strong motion opponency in the human MT complex
(Heeger, Boynton, Demb, Seidemann, & Newsome, 1999), which is
thought to be homologous to areas MT, MST and FST in the monkey
(Tootell & Taylor, 1995; Zeki, Watson, Lueck, Friston, Kennard &
Frackowiak, 1991). Indeed, Heeger et al. (1999) also used multiunit
electrophysiology to demonstrate similarmotion opponency inma-
caque MT and MST using stimuli like those in their human study.
The various neurophysiological studies are of particular interest be-
cause monkeys have been shown to be a good animal model for the
human OFR and there is strong evidence that MST—a recipient of
major inputs from MT (Maunsell & van Essen, 1983; Ungerleider
& Desimone, 1986)—has a major role in the genesis of the OFR in
the monkey (Inoue, Takemura, Kawano, Kitama, & Miles, 1998;
Kawano, Inoue, Takemura, Kodaka, &Miles, 2000; Kawano, Shidara,
Watanabe, & Yamane, 1994; Miles, 1998; Takemura, Inoue, & Kaw-
ano, 2000; Takemura, Inoue, & Kawano, 2002; Takemura, Murata,
Kawano, & Miles, 2007). Furthermore, a recent study on monkeys
(Matsuura, Miura, Tabata, Kawano, & Miles, 2008) used large-ﬁeld
3f5f and 3f7f stimuli to elicit OFRs and reported nonlinear depen-
dencies on the relative contrasts of the competing stimuli that re-
sulted in WTA behaviors very similar to those reported for
humans (Sheliga et al., 2006b).
Although most electrophysiological studies demonstrating
motion opponency used coextensive competing motions, Snow-
den et al. (1991) showed that the suppression of MT neuronal
responses to preferred motion by antipreferred motion was
also apparent when the competing motions occupied alternateparallel bands (i.e., were immediately adjacent rather than
superimposed), cf., the low-spatial-frequency data in Fig. 5C.
In addition, Qian and Andersen (1994) showed that when ran-
dom-dot patterns were used this suppression by antipreferred
motion was particularly strong only when the competing dots
were closely paired (‘‘locally balanced”), strongly suggesting
that the suppression was mostly local. In support of this, the
study of Rust (2004) included some experiments in which
the competing motions were conﬁned to two small patches
and showed that the antipreferred suppression in MT neurons
was much stronger when the patches were superimposed than
when they occupied separate regions of the MT receptive
ﬁelds.
The local nonlinear interactions that we have demonstrated
with OFRs using competing motions with opposite directions
might utilize the local motion opponency mechanisms described
by Qian and Andersen (1994) and Rust (2004) in MT. However,
it is quite possible that MT inherits its motion opponency from
V1, as suggested by Rust (2004),5 and this would be consistent
with the ﬁndings in a recent study of the Radial Flow Vergence
Response (RFVR), another oculomotor response that, like the
OFR, can be elicited at ultra-short latencies by large-ﬁeld visual
stimuli (Kodaka et al., 2007). The RFVR and the OFR generate
very different kinds of eye movement (vergence vs. version)
and depend on very different patterns of global optic ﬂow (radial
vs. linear), yet this recent study of Kodaka et al. (2007) indicates
that the local spatiotemporal properties of these two reﬂexes—
including their dependence on contrast, spatial frequency and
an inter-stimulus interval, as well as their nonlinear responses
to competing large-ﬁeld motions—are almost identical (Gellman,
Carl, & Miles, 1990; Sheliga et al., 2006a, 2006b), as though the
two reﬂexes were mediated by the same low-level, local-motion
detectors. In fact, there is strong evidence that the RFVR—as well
as the OFR—is mediated by MST (Takemura et al., 2007), and Ko-
daka et al. (2007) suggested that the local spatiotemporal proper-
ties of the MST neurons mediating the RFVR and the OFR directly
reﬂect the local motion energy computed by V1 direction–selec-
tive complex cells that are known to project to MT (Movshon
& Newsome, 1996). We now suggest that those same V1 neurons
are also responsible for the nonlinear interactions that were
apparent in the present study when the OFR was confronted with
local competing motions that were in opposite directions and
coextensive.
3. Experiment 2: The initial OFRs to two gratings that move in
the same direction and the effects of separating them
We now describe experiments that used visual stimuli with
physical layouts similar to those in Experiment 1 but the compet-
ing gratings had spatial frequencies in the ratio 3:7 and moved in
1=4-wavelength steps that were always in the same direction. We re-
port that when the competing gratings were superimposed the
associated OFRs again generally showed clear nonlinear depen-
dence on the relative contrasts of the two gratings, which again in-
cluded WTA behavior very similar to that described by Sheliga et
al. (2006b) who used large-ﬁeld 3f7f stimuli and who attributed
this behavior to mutual inhibition between the neural pathways
processing the competing motion signals. However, nonlinear
interactions were still evident—as a less-than-linear sum—even
when the competing gratings were separated by a gap of 8 (the
largest gap used) and these were attributed to divisive
normalization.
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Most of the methods and procedures were identical to those
used in Experiment 1, and only those that were different will be
described here.
3.1.1. Visual display and the grating stimuli
The visual stimuli were exactly like those in Experiment 1 ex-
cept that the competing gratings had spatial frequencies in the ra-
tio 3:7 instead of 3:5. Thus, in a given experimental session, the
horizontal strips could have one of four spatial Conﬁgurations:
two spatial layouts (designated, A and B) with two arrangements
of the 3f and 7f gratings (designated, 1 and 2). Again, the two grat-
ings had roughly equal efﬁcacy because their spatial frequencies
occupied symmetrical locations on either side of the peak of the
Gaussian spatial-frequency tuning curve: 0.165 cycles/ (‘‘the 3f
stimulus”) and 0.385 cycles/ (‘‘the 7f stimulus”). The successive
1=4-wavelength shifts used to generate the apparent motion of the
3f and 7f stimuli always had the same sign. Using the same
convention as in Experiment 1, the magnitude and direction of
the 1=4-wavelength steps were actually deﬁned with respect to
the fundamental, f, of the 3f7f stimulus pattern, regardless of the
contrast and separation of the two components. Thus, when the
1=4-wavelength steps applied to the 3f7f pattern were rightward,
for example, the 3f and 7f components both underwent steps that
were 1=4 of their respective wavelengths in the leftward (opposite,
backward, negative) direction. The Contrast Ratio (3f/7f) could be
1/3, 1/2, 1, 2, or 3, and was achieved by varying the contrast of
one grating while the contrast of the other was ﬁxed at either
12% (subjects FAM and JKM), or 4% (subject BMS in Conﬁguration
A1) or 8% (subject BMS in Conﬁgurations A2, B1, B2). The 3f–7f gaps
(deﬁned like the 3f–5f gaps) were 1, 0, 2, 4, 6 or 8 with
Conﬁguration A1 and A2, and 1, 0.5, 0, 1, 2 or 4 with
Conﬁguration B1 and B2. In additional control trials the 3f and 7f
stimuli each appeared singly, occupying exactly the same physical
locations and having the same contrast(s) as when combined.
As in Experiment 1, we were concerned that the changes in total
contrast when the competing stimuli were superimposed might
exert an inﬂuence via contrast normalization. This was addressed
in Control Experiment IV using Conﬁguration A1 with 3f–7f gaps
of 1 so that the two competing stimuli occupied a centered hor-
izontal strip, 2 high, whose total contrast was always 20%. As
usual, Contrast Ratios (3f/7f) could be 1/3, 1/2, 1, 2, or 3.
3.1.2. Procedures
The procedures in the main experiment were as in Experiment
1. The procedures in Control Experiment IV were as for Control
Experiment III.
3.2. Results
3.2.1. General ﬁndings
The data obtained with the four stimulus Conﬁgurations were
again very similar in all essentials, so that once more only the
data set obtained with Conﬁguration A1 will be described in de-
tail and the data obtained with the other Conﬁgurations will be
given only in (quantitative) summary form. Sample data ob-
tained from one subject (JKM) in the main experiment with Con-
ﬁguration A1 are shown in Fig. 6A, in which the usual response
measures are plotted against the contrast of the 7f stimuli on
a logarithmic abscissa (cf., Fig. 3A). As expected, the OFRs to
the 3f and 7f stimuli, whether presented singly or together, were
all in the backward direction; hence, the associated response
measures were negative in our sign convention. The OFRs to
the pure 3f stimuli alone (when located at various positions
matching those used when the 3f stimuli were combined withthe 7f stimuli) resembled those obtained in Experiment 1,
though showing little tendency to increase with eccentricity:
see the colored symbols plotted on the ordinate axes in Fig.
6A. The initial OFRs to the pure 7f stimuli alone showed a
roughly linear dependence on log contrast: see the black circles
in Fig. 6A. When the 3f and 7f stimuli were combined with 3f–7f
gaps of 1 so that the two gratings were superimposed (‘‘the
3f7f stimulus”), the dependence on the contrast of the 7f compo-
nent was very nonlinear (open green diamonds in Fig. 6A): when
the Contrast Ratio, given by the contrast of the 3f stimulus di-
vided by the contrast of the 7f stimulus, was high or low (e.g.,
3 or 1/3), the OFRs showed WTA behavior, approximating the re-
sponses to the pure 3f stimulus in the ﬁrst case and the re-
sponses to the pure 7f stimulus in the second; when the
Contrast Ratio was 1, the OFRs were roughly comparable
whether the two stimuli were presented singly or together, i.e.,
close to the vector average of the responses to the two stimuli
when presented singly (thin colored dashed lines). Vertically
separating the 3f and 7f stimulus strips had a relatively minor
impact, evident in Fig. 6A as a modest downward shift in the
contrast-dependence curves, which were markedly less steep
than—and well short of—those predicted by the linear sum (thin
colored lines). This downward shift showed very little depen-
dence on the 3f–7f gaps over the range 0 (open red squares)
to 8 (ﬁlled grey diamonds). Again, the data from the other
two subjects were very similar in all essentials, and this will be-
come apparent from the quantitative analyses described below.
It was not possible to further characterize the data obtained
with the 3f and 7f stimuli by computing a Response Ratio like that
used in Experiment 1 because the differences between the OFRs to
the pure 3f and 7f stimuli were relatively small, rendering this Ra-
tio extremely sensitive to noise (cf., Sheliga et al., 2006b). Instead,
we again computed a SUM:WTA Ratio, this time from the data ob-
tained with each of the 3f–7f gaps when the Contrast Ratio (3f/7f)
was at its lowest value (1/3) because the difference between the
WTA and linear sum predictions was at its greatest here. For this
we used a modiﬁed version of Expression 2:
R7f  R3f7f
R3f
ð4Þ
where R7f is the measured response to the pure 7f stimulus when
presented alone with a contrast of 36%; R3f7f is the measured re-
sponse to the competing 3f and 7f stimuli presented with a given
separation when the 7f stimulus had a contrast of 36%; R3f is the
measured response to the pure 3f stimulus when presented alone
(contrast always 12%) and positioned exactly as when competing
with the 7f stimulus. As indicated earlier, a SUM:WTA Ratio of
zero signiﬁes a pure WTA situation and a SUM:WTA Ratio of unity
signiﬁes a pure linear sum situation. The data plotted in Fig. 6B in
ﬁlled symbols show the dependence of the mean SUM:WTA Ratio
on the gap separating the competing 3f and 7f stimuli for all three
subjects using all four stimulus Conﬁgurations (symbols and col-
ors as for Figs. 3C and 4A). These data clearly indicate that a ro-
bust WTA situation prevailed when the two stimuli were
superimposed (mean SUM:WTA Ratio was 0.03 ± 0.09 when
the 3f–7f gaps were 1) and that vertically separating the two
sine-wave stimuli caused a small shift away from this behavior
in the direction of the linear sum. For comparison purposes, we
also used Expression 2 to compute SUM:WTA Ratios from the data
obtained in Experiment 1 when the Contrast Ratio (3f/5f) was at
its lowest value (1/3), and these data are shown in Fig. 6B in open
symbols. It is now evident that there was no overlap between the
two data sets with gaps of 1 or more, the mean SUM:WTA Ratio
over this range being 0.98 ± 0.15 in Experiment 1 and only
0.14 ± 0.09 in Experiment 2.
Fig. 6. The initial OFRs to the 3f and 7f stimuli. (A) Dependence on the contrast of the 7f stimulus with various ‘‘3f–7f gaps” with Conﬁguration A1 (mean R–L response
measures for subject JKM); plot shows the OFRs elicited by: (1) pure 7f stimuli alone (ﬁlled black circles); (2) combined 3f and 7f stimuli, when the contrast of the 7f
component was varied systematically while the contrast of the 3f component was ﬁxed and the ‘‘3f–7f gaps” were 1 (open green diamonds), 0 (open red squares), 2 (open
magenta circles), 4 (ﬁlled orange squares), 6 (ﬁlled grey diamonds), and 8 (ﬁlled blue circles); (3) pure 3f stimuli alone with the same contrasts and locations as when
combined with the 7f stimuli (symbols plotted on the ordinate axis, color coded as for the data obtained with the combined 3f and 7f stimuli); also shown is the linear sum
(thin continuous lines) and the vector average (thin dashed lines) of the responses to the pure 7f and the pure 3f stimuli when each was presented alone for each of the ‘‘3f–7f
gaps” (color coded as for the data obtained with the combined 3f and 7f stimuli); the Contrast Ratios, 3f/7f, of the combined 3f and 7f stimuli are also indicated above the
abscissas; all responses are negative, i.e., in the backward direction; 65–76 trials per condition and SD’s ranged 0.019–0.032. (B) The initial OFRs to the combined 3f and 7f
stimuli and to the combined 3f and 5f stimuli: Linear Sum, Normalization and WTA (data for all subjects, Conﬁgurations and separations coded as in Figs. 3C and 4A); the
SUM:WTA Ratios for the 3f–7f data (when the Contrast Ratios, 3f/7f, were at their lowest values, 1/3), given by Expression 4, are plotted as a function of the ‘‘3f–7f gaps” (ﬁlled
symbols); for subject JKM, 65–109 trials per condition; for subject BMS, 56–119 trials per condition; for subject FAM, 107–120 trials per condition; also shown for comparison
are the SUM:WTA Ratios for the 3f–5f data from Experiment 1 (when the Contrast Ratios, 3f/5f, were at their lowest values, 1/3), given by Expression 2, and plotted as a
function of the ‘‘3f–5f gaps” (open symbols).
6 Increasing the number of strips could reduce the response latency by up to 20 ms,
the magnitude of the initial OFR was estimated from the change in eye position
ver the initial open-loop period measured with respect to response onset.
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constant total contrast
The data obtained when the 3f and 7f stimuli were superim-
posed and their total contrast was held constant at 20% were very
similar in all essentials to those obtained in the main Experiment 2.
Thus, when the Contrast Ratio (3f/7f) was 1/3, the mean SUM:WTA
Ratio for the three subjects was 0.03 ± 0.11, which was not signif-
icantly different from that in the main Experiment when the com-
peting stimuli were superimposed (t-test).
3.3. Discussion of Experiment 2
Experiment 2 showed that when two 1-D sine-wave gratings
with spatial frequencies in the ratio 3:7 were conﬁned to narrow
coextensive strips and moved in 1=4-wavelength steps in the same
direction they elicited OFRs that showed clear nonlinear depen-
dence on the relative contrasts of the two gratings, including
WTA behavior very similar to that described by Sheliga et al.
(2006b) who used large-ﬁeld 3f7f stimuli. When the 3f and 7f grat-
ings were spatially separated, however, the responses were still
substantially less than the sum of the responses to the component
stimuli even with the largest separation (3f–7f gaps, 8), a dramatic
departure from the situation in Experiment 1. We suggest that this
less-than-linear sum reﬂects response normalization, which we re-
cently invoked in another study of the initial OFR that used a re-
lated methodology (Sheliga et al., 2008). This other study
recorded the horizontal OFRs when successive 1=4-wavelength steps
were applied to a 1-D vertical sine-wave grating that could occupy
the full monitor screen (45 wide, 30 high) or a number of hori-
zontal strips, each 1 high and extending the full width of the dis-
play. These strips were always equally spaced vertically, and weexamined the effect of increasing their number. Surprisingly, even
a single (centered) strip (covering 3.3% of the screen) elicited ro-
bust OFRs, and 3 strips (10% coverage) were sufﬁcient to elicit
the maximum OFR.6 Further increasing the number of strips to 15
(50% coverage) had little impact, i.e., responses had asymptoted. In
a second experiment, the contrast of the gratings could be ﬁxed at
one of four levels: the OFR showed essentially the same pattern of
dependence on the number of strips at any given contrast but, signif-
icantly, the lower the contrast, the lower the level at which the re-
sponse asymptoted. This indicated that the asymptote was not due
simply to the passive achievement of some intrinsic upper limit in
the magnitude of the eye movement or the underlying motion sig-
nals (‘‘ceiling effect”). Rather, this asymptote was seen as the result
of an active process consistent with the normalization attributed to
global divisive inhibition among cortical neurons (Britten & Heuer,
1999; Carandini & Heeger, 1994; Carandini et al., 1997; Heeger,
1992; Heuer & Britten, 2002; Simoncelli & Heeger, 1998). Synaptic
depression, whereby synaptic inputs become weaker with repeti-
tion, can give rise to local divisive rescaling (Abbott, Varela, Sen, &
Nelson, 1997) but we think it unlikely to be responsible for the glo-
bal effects that we are describing in the present experiment: if the
inputs are non-overlapping then adaptation to one cannot inﬂuence
the responsiveness to the other.
We characterized the nonlinearities in the data from Experi-
ment 2 quantitatively using a reduced version of the Generalized
Nonlinear Summation (GNS) model of Britten and Heuer (1999),
who had used it to characterize the responses of MT neurons toso
o
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el that we used is given by the following:
~R3f7f ¼ ½ð~R3f Þn þ ð~R7f Þn1=n ð5Þ
where,~R3f7f is the simulated OFR to the combined 3f and 7f stimuli;
~R3f and~R7f are the measured OFRs to pure 3f and 7f stimuli, respec-
tively; n is an exponent that determines the curvature of the sum-
mation surface and is the only free parameter. The model of Britten
and Heuer (1999) also included a scale factor but we chose to ex-
clude this additional free parameter because its inclusion had only
a minor effect, and signiﬁcantly improved the ﬁts in only 6/72 cases.
Britten and Heuer’s data indicated a range of summation behaviors
among MT neurons, with the value of n ranging from near unity,
indicating a simple linear sum, to more than 8, which indicated
WTA behavior. However, for most of their neurons, n had interme-
diate values indicating a less-than-linear sum consistent with re-
sponse normalization. The reduced GNS model given by Eq. (5)
provided a good ﬁt to most of the data obtained in Experiment 2
regardless of the separation of the two gratings. This is evident from
Table 3, which lists the mean values of the least squares best-ﬁt
exponent, n, for the three subjects for each of the 3f–7f gaps and
each of the four Conﬁgurations, together with the r2 values. The va-
lue of n was generally greatest when the competing stimuli were
superimposed (3f–7f gaps, 1), with an overall mean value of
25.4 ± 57.0 and a range of 2.5–205.8 (mean r2 = 0.876 ± 0.134) gen-
erally signifying robust WTA behavior. Interestingly, these expo-
nents were appreciably greater for the data obtained with
Conﬁgurations A1 and A2 than for the data obtained with Conﬁgura-
tions B1 and B2. When the competing motions were non-overlap-
ping, n was generally appreciably smaller and showed only slightTable 3
Dependence of the response measures (change in mean R–L eye position) on the
contrast of the 7f component of the 3f7f stimuli: parameters of the least squares best-
ﬁt Generalized Nonlinear Summation (GNS) model given by Eq. (5)
Conﬁguration 3f–7f gaps Exponent(n) r2
A1 (means, three subjects) 1 75.3 ± 113.0 0.912 ± 0.059
0 3.9 ± 1.3 0.941 ± 0.019
2 3.3 ± 1.0 0.943 ± 0.009
4 2.9 ± 0.7 0.826 ± 0.211
6 2.7 ± 1.1 0.927 ± 0.088
8 2.9 ± 0.2 0.928 ± 0.075
A2 (means, three subjects) 1 15.0 ± 5.8 0.714 ± 0.195
0 4.1 ± 1.0 0.608 ± 0.389
2 4.0 ± 1.7 0.389 ± 0.394
4 3.2 ± 1.2 0.907 ± 0.079
6 3.0 ± 0.5 0.800 ± 0.060
8 2.5 ± 0.5 0.772 ± 0.179
B1 (means, three subjects) 1 3.9 ± 1.2 0.967 ± 0.012
0.5 3.1 ± 0.7 0.924 ± 0.065
0 5.2 ± 1.4 0.931 ± 0.049
1 3.2 ± 1.0 0.944 ± 0.054
2 2.8 ± 0.7 0.952 ± 0.030
4 2.3 ± 0.3 0.960 ± 0.022
B2 (means, three subjects) 1 7.5 ± 2.1 0.911 ± 0.037
0.5 5.5 ± 2.3 0.929 ± 0.004
0 4.0 ± 0.5 0.851 ± 0.145
1 4.3 ± 1.1 0.941 ± 0.060
2 4.7 ± 0.5 0.748 ± 0.122
4 3.5 ± 0.8 0.940 ± 0.026
Means for all N Conﬁgurations
and all subjects
1 (N = 4) 25.4 ± 57.0 0.876 ± 0.134
0.5 (N = 2) 4.3 ± 2.0 0.926 ± 0.041
0 (N = 4) 4.3 ± 1.1 0.833 ± 0.227
1 (N = 2) 3.8 ± 1.1 0.943 ± 0.051
2 (N = 4) 3.7 ± 1.2 0.758 ± 0.296
4 (N = 4) 3.0 ± 0.8 0.908 ± 0.111
6 (N = 2) 2.8 ± 0.8 0.863 ± 0.097
8 (N = 2) 2.7 ± 0.4 0.850 ± 0.150dependence on the 3f–7f gaps, with mean values of 4.3 ± 1.1 when
these gaps were 0 and 2.7 ± 0.4 when these gaps were 8, signifying
a less-than-linear sum (normalization). This last value of n is essen-
tially the same as the median value of n that Britten and Heuer
(1999) reported for MT neurons using widely separated stimulus
pairs (2.72).
We postulate that when the two gratings generating the OFR
are moving in the same direction there are two kinds of nonlinear
interaction between the neural mechanisms responding to the two
motions. The ﬁrst is local mutual inhibition, which we postulate
gives rise to the WTA behavior when the two stimuli are coexten-
sive and differ in contrast by an octave or more. The second is glo-
bal divisive inhibition, which we postulate is responsible for the
less-than-linear sum when the two stimuli are physically sepa-
rated (response normalization).
4. Experiment 3: Evidence that the interactions resulting in
WTA behavior with opponent motion occur at an earlier stage
of neural processing than the interactions resulting in
normalization
The purpose of Experiment 3 was to determine if the local inter-
actions responsible for WTA behavior with opponent motion occur
at an earlier or later stage of neural processing than the more glo-
bal interactions responsible for normalization. We again used 3f
and 5f stimuli as in Experiment 1 but the strips were arranged dif-
ferently: see Fig. 7A. The 3f stimulus occupied three spatially sep-
arated strips that always moved together in the same direction:
one was central (‘‘the c3f stimulus”) and the other two were sym-
metrically distributed above and below this one at a peripheral
location (‘‘the p3f stimulus”). The 5f stimulus occupied a single
strip that was coextensive with the c3f stimulus (and hence was re-
ferred to as ‘‘the c5f stimulus”) but had a 3-fold higher contrast.
Based on the ﬁndings in Experiments 1 and 2, the neural responses
to the p3f and c5f stimuli—being distant and opponent—would not
be expected to show any interaction, i.e., their combined response
should be a simple linear sum. The neural responses to the p3f and
c3f stimuli—being distant and in the same direction—would be ex-
pected to show interaction in the form of divisive normalization.
Finally, the neural responses to the c3f and c5f stimuli—being coex-
tensive and opponent with a 3-fold difference in contrast—would
be expected to show powerful interactions resulting in WTA
behavior strongly favoring the c5f component. However, the criti-
cal thing here is that the net impact of the c5f stimulus would be
expected to depend on whether the interactions responsible for
the WTA behavior occur at an earlier and/or later stage of process-
ing than those responsible for normalization.
The block diagram in Fig. 7B illustrates the rationale behind the
experiment and shows only the minimal elements that are rele-
vant to the stimulus arrangement actually used. There are three in-
put channels with oriented spatiotemporal ﬁlters like those in
striate cortex (e.g., De Valois, Cottaris, Mahon, Elfar, & Wilson,
2000) that independently sense the motions of the p3f, c3f and
c5f strips. In the block diagram, the two p3f strips are collapsed into
one for simplicity, and the c3f and c5f stimuli, which overlapped,
are depicted side by side for clarity. The interactions between the
channels sensing the p3f and c3f stimuli that are postulated to be
responsible for their less-than-linear sum (normalization) are
based on the model of Simoncelli and Heeger (1998), which posits
a global summation of the signals encoding a given direction of
motion with distributed divisive inhibition via feedforward con-
nections. A feedback arrangement like that proposed by Heeger
(1992) would sufﬁce equally well and a recent study on MT sug-
gests that the normalization might involve the product of the local
responses rather than their sum (Heuer & Britten, 2002) but such
details would not alter the interpretation of the present
Fig. 7. Concerning the question of whether the interactions responsible for WTA behavior occur before and/or after those responsible for Normalization. (A) Spatial layout of
the competing 3f and 5f stimuli used in Experiment 3; the 3f stimulus occupied three spatially separated strips that always moved together: one central (‘‘the c3f stimulus”)
and the other two peripheral (‘‘the p3f stimulus”); the 5f stimulus occupied a single strip that was coextensive with the c3f stimulus but had a 3-fold higher contrast (termed
‘‘the c5f stimulus”); the spatial locations of all stimulus strips and the contrast of the c3f strip were ﬁxed throughout the experiment while the contrast of the p3f strips was
varied from trial to trial. (B) A block diagram showing the global divisive inhibition postulated to be responsible for Normalization of the responses to the separated p3f and
c3f stimuli (feedforward arrangement), and the local mutual inhibition postulated to permit the higher-contrast c5f stimulus to suppress the responses to the coextensive,
opponent c3f stimulus in WTA fashion; the two p3f stimuli are collapsed into one channel; three input channels use oriented spatiotemporal ﬁlters to sense the motion of the
p3f, c3f and c5f strips; the postulated mutual inhibition can be located upstream (Locus I) and/or downstream (Locus II) of the divisive normalization.
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overlapping c3f and c5f stimuli that are postulated to be responsi-
ble for the nonlinear dependence on their relative contrasts (WTA)
are modeled as local mutual inhibition and we consider two possi-
ble Loci, labeled I and II in Fig. 7B. If the postulated mutual inhibi-
tion were to occur exclusively at Locus I (i.e., prior to
normalization), the c5f stimulus should suppress any response to
the (lower contrast) c3f stimulus in WTA fashion and the outcome
should be as though the c3f stimulus was not present. In this event,
the net response when all three stimuli are presented should
approximate the sum of the responses to the pure c5f stimulus
and the pure p3f stimulus when each is presented singly. If the
interactions responsible for WTA behavior were to occur exclu-
sively at Locus II (i.e., after the normalization), then the channels
sensing the c3f and p3f stimuli should ﬁrst interact via the divisive
inhibition so that the c5f stimulus should suppress only the nor-
malized response to the c3f stimulus. In this event, the net re-
sponse to all three stimuli should approximate the sum of the
responses to the pure c5f stimulus when presented alone and the
normalized response to the p3f stimulus. Of course, there is alsothe possibility that interactions occur at both Loci. The recorded
data were consistent with WTA interactions at Locus 1, though
the possibility that there were additional interactions downstream
at Locus II that had been rendered ineffective in our experiments
by the prior interactions upstream at Locus I could not be ruled out.
4.1. Methods
Most of the methods and procedures were identical to those
used in Experiment 1, and only those that were different will be
described here.
4.1.1. Visual display and the grating stimuli
The visual stimuli again consisted of two 1-D vertical gratings
with sinusoidal luminance proﬁles that each occupied one or more
horizontal strips extending the full width of the display (Fig. 7A).
The two gratings had spatial frequencies in the ratio 3:5 and
underwent 1=4-wavelength shifts of opposite sign, cf., Experiment
1. The 3f stimuli had two parts: a peripheral part (the ‘‘p3f stimu-
lus”) consisting of two identical horizontal strips, each 1 wide, lo-
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between them (the ‘‘p3f–p3f gap”) that was always 10, and a cen-
tral part (the ‘‘c3f stimulus”) consisting of a single horizontal band,
2 wide, located always at the screen center. The 5f stimulus was a
single horizontal band, 2 wide, that always exactly overlapped the
c3f stimulus (and was referred to as the ‘‘c5f stimulus” to empha-
size its location). Thus, the locations of each of the strips remained
the same throughout the experiment so that the p3f–c5f gaps (and
the p3f–c3f gaps) were always 4. The contrast of the c5f stimulus
was ﬁxed (at 36% in JKM and FAM, and at 24% in BMS) and was al-
ways three times that of the c3f stimulus, which was therefore also
ﬁxed (at 12% in JKM and FAM, and at 8% in BMS). The contrast of
the p3f stimulus varied from trial to trial (4%, 8%, 16% and 32%
for JKM and FAM; 3%, 6%, 12% and 24% for BMS). In additional con-
trol trials, the p3f, c3f and c5f stimuli were each presented singly
with the same locations and contrast(s) as when combined.
4.1.2. Procedures
Each block of trials had 30 randomly interleaved stimuli: 1 sep-
aration, 4 contrasts, and 2 directions of motion for c5f + c3f + p3f
and c3f + p3f, plus c5f + c3f in 2 directions, plus 12 single-grating
controls (4 contrasts and 1 separation, for each stimulus and each
direction of motion).
4.2. Results
The response measures obtained in Experiment 3 are plotted in
Fig. 8 as a function of the contrast of the p3f stimulus and all three
subjects showed a very similar pattern of results. As expected from
Experiments 1 and 2, the responses to the c3f stimulus alone (open
blue circles on the ordinate axes, labeled R[c3f]) and to the p3f
stimuli alone (ﬁlled black circles, labeled R[p3f]) were always in
the backward direction (negative) and the latter showed a roughly
linear dependence on log contrast with only slight leveling off atFig. 8. The initial OFRs to the 3f and 5f stimuli when arranged as in Fig. 7A: dependence
subjects). Plots show the OFRs elicited by: (1) the pure p3f stimulus alone (ﬁlled black
component was varied systematically from trial to trial while the contrast of the c3f com
combined, while the contrast of the p3f component was varied systematically from trial
c5f/c3f, of three (ﬁlled green diamonds, R[c5f + c3f + p3f]); (4) the pure c3f stimulus alone
triangle on ordinate axis, R[c5f]); (6) the c5f and c3f stimuli combined (open green diamo
the response to the c3f stimulus alone is summed with the response to the p3f stimuli alon
summed with the response to the p3f stimuli alone (grey dotted line, R[c5f] + R[p3f]);
normalized response to the p3f stimulus (grey dash-dot line, R[c5f] + (R[p3f] * Norm), w
normalization when the c3f and p3f stimuli are combined. (A) Subject JKM (183–203
condition; SD’s ranged 0.015–0.023). (C) Subject FAM (139–149 trials per condition; SDhigher contrast levels. When these c3f and p3f stimuli were com-
bined (ﬁlled blue squares, labeled R[c3f + p3f]) responses were gen-
erally less than the sum of their responses when presented singly,
especially when the p3f stimuli were of higher contrast: see the
continuous grey lines in Fig. 8 labeled ‘‘R[c3f] + R[p3f]”. This is con-
sistent with the less-than-linear sum seen in Experiment 2 and
attributed to divisive normalization. When the c5f stimulus was
now also combined with these c3f and p3f stimuli, the data were
all shifted in the forward (positive) direction (ﬁlled green dia-
monds, labeled R[c5f + c3f + p3f]), and were well predicted by sum-
ming the responses to the pure p3f stimuli (ﬁlled black circles,
R[p3f]) and the pure c5f stimulus (open red triangles on the ordi-
nate axis, labeled R[c5f]) when each was presented alone (mean
r2 = 0.979 ± 0.013): see the dotted grey lines in Fig. 8, labeled
‘‘R[c5f] + R[p3f]”. It was as though the c3f stimulus was not present,
i.e., the coextensive and opponent c5f stimulus with the 3-fold
higher contrast had totally suppressed all effects of the c3f stimu-
lus (WTA). Not surprisingly, when the c5f stimulus was combined
with only the c3f stimulus, the response (open green diamond on
the ordinate axis, labeled ‘‘R[c5f + c3f]”) approximated that to the
c5f stimulus alone, cf., Experiment 1.
4.3. Discussion of Experiment 3
This experiment examined the OFRs to three motion stimuli
(p3f, c3f, and c5f), which were organized in accordance with the
ﬁndings in Experiments 1 and 2 so that the responses to one pair-
ing (p3f, c5f), being distant and opponent, would show no interac-
tions (pure summation), those to another pairing (p3f, c3f), being
distant and in the same direction, would show interactions result-
ing in a less-than-linear sum (normalization), and those to another
pairing (c3f, c5f), being opponent and coextensive with a 3-fold dif-
ference in contrast, would show interactions that resulted in WTA
behavior. Fig. 8 indicates that when all three stimuli wereon the contrast of the p3f stimulus (mean R–L response measures for each of three
circles, R[p3f]); (2) the c3f and p3f stimuli combined, when the contrast of the p3f
ponent was ﬁxed (ﬁlled blue squares, R[c3f + p3f]); (3) the c5f, c3f, and p3f stimuli
to trial and the contrasts of the c5f and c3f stimuli were ﬁxed with a Contrast Ratio,
(open blue square on ordinate axis, R[c3f]); (5) the pure c5f stimulus alone (open red
nd on ordinate axis, R[c5f + c3f]). Also shown are the simulated responses when (1)
e (grey continuous line, R[c3f] + R[p3f]); (2) the response to the c5f stimulus alone is
(3) the response to the c5f stimulus alone is summed with the response to the
here Norm is given by Expression 7). The grey shaded areas indicate the impact of
trials per condition; SD’s ranged 0.019–0.032). (B) Subject BMS (57–60 trials per
’s ranged 0.014–0.025).
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could be predicted by merely summing the responses to the c5f
and p3f stimuli when each was presented singly, as though the
c3f stimulus simply was not present, a presumed casualty of the
WTA interaction with the higher-contrast c5f stimulus. This is con-
sistent with the idea that the interactions responsible for the WTA
outcome occurred at Locus I in the block diagram in Fig. 7B. How-
ever, in this event, even if there had been additional interactions
downstream at Locus II the latter would have been rendered inef-
fective because the c3f signals had already been fully suppressed
upstream at Locus I. A further critical question is: ‘‘How different
would the outcome have been if the WTA interactions had been lo-
cated exclusively at Locus II?” In this event, the suppressive effect
of the c5f stimulus would have removed only the normalized re-
sponse to the c3f stimulus, i.e., the responses when all three stimuli
were combined would be given by the sum of the response to the
c5f stimulus alone and the normalized response to the p3f
stimulus:
R½c5f  þ ðR½p3f   NormalizationÞ ð6Þ
The impact of the normalization is indicated by the grey shaded
areas in Fig. 8, which highlight the differences between the re-
sponses when the c3f and p3f stimuli were combined and the sum
of the responses when the these stimuli were presented singly, so
that the Normalization factor in Expression 6 is given by
R½c3f þ p3f 
R½c3f  þ R½p3f  ð7Þ
The values of the Normalization factor were computed and the out-
comes predicted by WTA interactions exclusively at Locus II, based
on Expression 6, are plotted in dash-dot grey lines in Fig. 8. These
predictions clearly deviate substantially from the recorded re-
sponses shown in ﬁlled green diamonds: mean r2 = 0.442 ± 0.268
for the least squares best ﬁts.
We conclude that the local interactions responsible for the WTA
behavior with overlapping opponent stimuli in our experiments
occurred at an earlier stage of processing than the global interac-
tions responsible for normalization—though we concede that we
cannot rule out additional interactions downstream at Locus II:
in our scheme in Fig. 7B, any interactions at Locus II are without
effect if there are powerful interactions upstream at Locus I. How-
ever, if the contrast of the c5f stimulus exceeds that of the c3f stim-
ulus by a smaller margin than we have considered, then the
interactions at Locus I would be expected to result in only partial
suppression of the c3f signals, in which event, interactions at Locus
II would now be effective. In such a situation, the signals reaching
Locus II would favor the c5f stimulus much more than those reach-
ing Locus I, increasing the likelihood that the c3f (normalized) sig-
nals would be totally extinguished at Locus II.
It is known that MST is critical for ocular following (Takemura
et al., 2007) and, if the neural pathways mediating the OFR are
organized like those of another short-latency oculomotor re-
sponse, the DVR (Takemura, Inoue, Kawano, Quaia, & Miles,
2001), then MST is the sensorimotor interface, with the sensory
input (motion) encoded in the single unit activity and the motor
response (OFR) encoded in the population activity. We suggest
that the WTA behavior originates early in the dorsal pathway to
MST, perhaps as early as V1, whereas the normalization originates
at one or more later stages, perhaps as late as MT or even MST.
Interestingly, the global normalization described by Britten and
Heuer (1999) in MT neurons extended well beyond the classical
receptive ﬁeld centers, and this is also a feature of the model in
Fig. 7B, although the receptive ﬁeld centers depicted here are like
those of direction selective neurons in striate cortex (De Valois et
al., 2000). Of course, receptive ﬁelds with large excitatory centers
like those in MT (Van Essen, Maunsell, & Bixby, 1981) could beachieved by simply pooling multiple outputs like those in the
model in Fig. 7B. Such ‘‘model MT neurons” would display both
the less-than-linear summation (normalization) described by Brit-
ten and Heuer (1999) and the nonlinear dependence on relative
contrast (WTA) described by Rust (2004) in real MT neurons. A
recent review also argued that the RFVR and the OFR acquire
their (very different) global summation properties at the level
of MT/MST, where some neurons respond to radial and others
to linear optic ﬂow, and acquire their (very similar) local spatio-
temporal characteristics from a common earlier stage, the striate
cortex, where the neurons extract the local motion energy (Miles
& Sheliga, 2008).
We attempted to determine if the interactions responsible for
WTAbehaviorwithmotions in the samedirection, like thosedemon-
strated in Experiment 2, also occurred at an earlier and/or later stage
of neural processing than those responsible for normalization. For
this, the high-contrast c5f stimulus in Fig 7A was simply replaced
with a high-contrast c7f stimulus. A pilot study on two subjects indi-
cated that the responseswhen all three stimuliwere combinedwere
the same as when only the p3f and c7f stimuli were present, as
though the c3f stimulus was totally without effect. However, this
was the case whether the c3f and c7f stimuli were coextensive (so
that the c3f pathway was subject to both divisive normalization
and WTA suppression) or were separated by a gap of 1 (so that
the c3f pathway was subject to divisive normalization only). Thus,
the impact of the c7f channel on transmission in the c3f channel
due to divisive normalization was comparable with that due to
WTA suppression. This meant that it was not possible to distinguish
between interactions at Loci I and II with this paradigm.
5. General discussion
It has been suggested that the OFR helps the moving observer to
stabilize his/her eyeswith respect to the stationary visual surround-
ings. Earlierwork uncovered a number of properties (e.g., sensitivity
to viewing distance, binocular disparity andmotion parallax) which
suggested that the initial OFR was organized to respond selectively
to the patterns of optic ﬂow associated with translational distur-
bances of the observer, particularly the observer who looks off to
one side: see Miles (1998) and Miles, Busettini, Masson, and Yang
(2004) for review. It was argued that the OFR normallyworks in tan-
dem with the translational vestibulo-ocular reﬂex (TVOR) to stabi-
lize the moving observer’s gaze on the object(s) in or—more
realistically—near the plane of ﬁxation (Busettini, Miles, Schwarz,
& Carl, 1994; Masson, Busettini, Yang, & Miles, 2001; Yang & Miles,
2003). Under normal viewing conditions, the moving observer can
be confronted with multiple objects with a variety of sizes, forms,
textures, and luminances, distributed at various locations in 3-D
space. The initial, open-loop, OFR resolves all of the associated stim-
ulus motion vectors into one motor response vector, operating in a
verymachine-likeway and responding before the observer can even
be aware that the imageof the stimulushasmovedonhis/her retina:
all of the available evidence indicates that the initial OFR relies on
low-level visual processing without the beneﬁt of any top-down
inﬂuences (for recent review, seeMiles & Sheliga, in press). Presum-
ably, the initial OFR represents the brain’s best guess as to which
tracking eye movement best serves the observer’s interest before
he/she has had time to analyze the situation in detail and exert
any top-down inﬂuence via the longer-latency smooth pursuit
mechanism (Miles & Busettini, 1992).
5.1. Some functional considerations
A major functional consequence of the WTA interactions is that
the initial OFR will tend to discriminate in favor of those moving
images that have the higher contrast. This can be thought of as a
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presses the inﬂuence of low-contrast signals and so provides some
noise immunity. However, there can be many different high-con-
trast moving images distributed across the visual ﬁeld at any given
moment, each beneﬁtting from the local WTA interactions. The
present study indicates that the subsequent neural summation of
these spatially distributed motion signals (including those where
the differences in contrast were insufﬁcient for WTA to prevail)
can be linear (if opponent, for example) or less-than-linear (if in
the same direction, for example).
5.1.1. Linear summation with spatially distributed opponent motions
The translating observer who stabilizes his/her gaze on objects
in the middle ground experiences opponent motion as the images
of objects in front and behind the plane of stabilization move in
opposite directions (Miles et al., 2004). If the plane of stabilization
is close to the plane of ﬁxation, it would be appropriate that these
opponent motions tend to simply cancel one another—even if less
than perfectly—because each operates to move gaze with respect to
the plane of stabilization/ﬁxation. A recent study that used large-
ﬁeld stimuli (Sheliga et al., 2006b) argued that the interactions
responsible for WTA behavior would mean that objects in the
plane of ﬁxation would tend to be preferred over objects in other
depth planes: because of accommodation, the retinal images of ob-
jects in the plane of ﬁxation tend to be better focused—and hence
tend to have higher contrasts—than those of objects in other depth
planes. This would help to reduce the impact of the blurred (i.e.,
low contrast) images of foreground objects that must often sweep
across the images of objects in the plane of ﬁxation during observer
translation. On the other hand, the present study would seem to
impose a severe restriction on this supposed beneﬁt of the WTA
mechanism: because the latter is only local it would not attenuate
the inﬂuence of opponent motions of lower contrast that are spa-
tially separated from those in the plane of ﬁxation. At such loca-
tions the system must rely on the (presumably, less than perfect)
opponent cancellation mentioned above, though other studies
have shown that the OFR is also relatively insensitive to the oppo-
nent motion of images that have binocular disparity and so ema-
nate from objects outside the plane of ﬁxation (Masson et al.,
2001; Yang & Miles, 2003).
5.1.2. Less-than-linear summation (normalization) with motions in
the same direction
The OFR operates as a negative-feedback control system.
Increasing the forward loop gain of such a system can result in
overshoot and instability, and decreasing the gain can result in
sluggish dynamics and undershoot. Thus, it is possible to identify
an optimal range within which the gain is high enough to initiate
responses with brisk dynamics but not so high as to cause instabil-
ity. There is good evidence that the OFR is subject to long-term,
adaptive gain control that is visually mediated, consistent with
the idea that its gain is tuned to some optimal value (Miles & Kaw-
ano, 1986). If an increase in the areal extent of the motion stimulus
in the vicinity of the plane of ﬁxation/stabilization were to increase
the input signal driving the OFR, it would have the same effect as
raising the forward loop gain, potentially destabilizing the system.
Ideally, the responses of an ocular tracking mechanism to motion
of a given speed and direction should be relatively insensitive to vi-
sual attributes of the moving images such as their spatial extent
and we recently published a study indicating that, indeed, this is
the case for the OFR (Sheliga et al., 2008). As mentioned earlier,
in that study we used a visual stimulus that was broken up into
a number of equally spaced horizontal bands each 1 wide and
we reported that the initial horizontal OFRs were independent of
the number of bands—and, therefore, also independent of the total
area of the stimulus—over a 5-fold range, an effect we attributed todivisive normalization. The less-than-linear sum seen in Experi-
ments 2 and 3 is consistent with this global normalization and,
we now postulate, helps to keep the OFR gain within optimal limits
in the face of changes in stimulus size. Of course, any negative-
feedback control system driven by visual inputs might be expected
to beneﬁt from such normalization.
5.2. The likely beneﬁts of having the interactions that can result in
WTA behavior located upstream of the interactions responsible for
normalization?
Insofar as divisive normalization works to reduce the overall
population activity it would work to reduce individual differences
in the activity levels within the normalized pool of neurons. Thus,
differences in activity due to differences in contrast, for example,
would be reduced by normalization and, hence, the ability of
WTA mechanisms to discriminate between competing motions
on the basis of relative contrast/activity would be reduced by nor-
malization. Clearly, WTA mechanisms should be more effective
prior to normalization. Further, if normalization is to keep the
effective gain of the OFR within some optimal range in the face
of variations in the size and/or location of the moving images,
for example, then the normalization pool(s) should incorporate
the total visual input driving the OFR. In addition, in order to
avoid any inﬂuence from irrelevant inputs the normalization pool
should be restricted to the sensory inputs driving the OFR. We
postulate that these two requirements could be met if the nor-
malization pool(s) for the OFR inputs were located in MST, where
all the motion signals necessary for the OFR are thought to be
assembled.
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